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ABSTRACT
Ab i n i t i o  s e l f  c o n s i s t e n t  s p in  p o l a r i z e d  c a l c u l a t i o n s  have been 
pe r fo rm e d  f o r  t h e  e l e c t r o n i c  s t r u c t u r e  o f  d i a t o m i c  m o l e c u l e s  LiN,  CO, 
NO, B2 , 02» and F2 , and f o r  t h e  t r a n s i t i o n  m eta l  a toms F e ,  Co, and Ni .  
The l o c a l  s p in  d e n s i t y  f u n c t i o n a l  t h e o r y  was u s e d .  The s i n y l e  
p a r t i c l e  Kohn Sham e q u a t i o n s  a r e  s o l v e d  w i t h  t h e  use  o f  a G a u s s ia n  
o r b i t a l  a p p r o a c h .  All  t h e  one and two e l e c t r o n  i n t e g r a l s  a r e  
c a l c u l a t e d  e x a c t l y .  The m a t r i x  e l e m e n t s  o f  t h e  exchange  c o r r e l a t i o n  
p o t e n t i a l  a r e  computed n u m e r i c a l l y ,  u s i n g  a two d i m e n s io n a l  d o u b l in g  
g r i d  f o r  t h e  m o l e c u l e s ,  and a one d i m e n s io n a l  g r i d  f o r  t h e  a to m s .  The 
t o t a l  e n e rg y  and t h e  o t h e r  s p e c t r o s c o p i c  c o n s t a n t s  ( b i n d i n y  e n e r g y ,  
e q u i l i b r i u m  s e p a r a t i o n ,  d i p o l e  moment, t h e  ground s t a t e  v i b r a t i o n a l  
f r e q u e n c y ,  i o n i z a t i o n  p o t e n t i a l ,  and t h e  ground s t a t e  e l e c t r o n i c  
c o n f i g u r a t i o n )  a r e  r e p o r t e d  and compared w i th  e x p e r i m e n t a l  r e s u l t s  and 
o t h e r  e x i s t i n g  c a l c u l a t i o n s .  T he re  i s  v e ry  good a g re e m e n t  between  our  
r e s u l t s  and t h e  e x p e r i m e n t a l  v a l u e s .
CHAPTER I  
INTRODUCTION
The p h y s i c a l  p rob lem  u n d e r l y i n g  t h e  p r e s e n t  work i s  t h e  need t o  
f i n d  a c c u r a t e  methods  f o r  t h e  t h e o r e t i c a l  d e s c r i p t i o n  o f  t h e  
e l e c t r o n i c  s t r u c t u r e  of  l a r g e  m o le c u le s  and a to m ic  c l u s t e r s .  I t  
r a p i d l y  becomes p r o h i b i t i v e l y  c o s t l y  t o  u n d e r t a k e  l a r y e  s c a l e  
c o n f i g u r a t i o n  i n t e r a c t i o n  c a l c u l a t i o n s  f o r  l a r g e  m o l e c u l e s ,  and t h e  
more e l e m e n t a r y  H a r t r e e  Fock (HF) method o f t e n  y i v e s  r e s u l t s  s e r i o u s l y  
i n  d i s a g r e e m e n t  w i th  e x p e r i m e n t .
For  example  t h e  b i n d i n g  e n e r g i e s  o f  m o l e c u l e s  a r e  u s u a l l y  
u n d e r e s t i m a t e d ,  and n e g a t i v e  b i n d i n g  e n e r g i e s  a r e  found  f o r  some 
m o le c u le s  which a r e  known t o  be bound .  A lso  i n  some c a s e s  t h e  HF 
method g i v e s  t h e  o p p o s i t e  s ig n  f o r  t h e  d i p o l e  moment o f  t h e  m o le c u le  
i n d i c a t i n g  t h a t  t h e  c h a r g e  d i s t r i b u t i o n  i s  n o t  p r o p e r l y  d e s c r i b e d .  
These  have t r i g g e r e d  t h e  need f o r  de ve lopm en t  o f  b e t t e r  t h e o r e t i c a l  
models  and methods f o r  u n d e r s t a n d i n g  and i n t e r p r e t i n g  t h e  d i f f e r e n t  
phenomena o b s e rv e d  i n  m o l e c u l e s .
An a l t e r n a t i v e  i s  found by t h e  d e n s i t y  f u n c t i o n a l  t h e o r y  in  t h e  
l o c a l  d e n s i t y  a p p r o x i m a t i o n  (LDA). T h i s  p r o c e d u r e  has  been found t o  
g iv e  a q u i t e  s a t i s f a c t o r y  ac co u n t  o f  t h e  c o h e s i v e  p r o p e r t i e s  o f  
s o l i d s * ,  w h i l e  t h e  HF method e x h i b i t s  s e v e r e  and c h a r a c t e r i s t i c  
p a th o l o g y  f o r  e x t e n d e d  systems*- .
1
2
In r e c e n t  y e a r s ,  t h e r e  has  been c o n s i d e r a b l e  i n t e r e s t  i n  t h e  
a p p l i c a t i o n  o f  LDA t o  m o le c u le s  and smal l  a to m ic  c l u s t e r s .  Th is  
i n t e r e s t  a r i s e s  f rom t h r e e  c a u s e s :  (1 )  t h e  p r o s p e c t  o f  t r e a t i n y
a to m ic  c l u s t e r s  o f  m o d e r a te  s i z e  as  p a r t  of  s t u d i e s  o f  v a r i o u s
s u r f a c e s  and d e f e c t  p rob lem s  in  bu lk  s o l i d .  ( 2 )  e x p e r i m e n t a l  
r e a l i z a t i o n s  o f  f r e e  c l u s t e r s  o f  s e v e r a l  m e t a l s ,  and (3 )  t h e  a b i l i t y  
t o  t e s t  t h e  LDA i t s e l f  i n  a fundam en ta l  way. A r i c h  d a t a  b a se  from 
e x p e r i m e n t  and r i g o r o u s  t h e o r e t i c l  c a l c u l a t i o n s  f o r  small  m o le c u le s  
p r o v i d e s  a b a s i s  f o r  a s s e s s m e n t  o f  LDA, in  c o n t r a s t  t o  t h e  s i t u a t i o n  
f o r  t h e  l a r g e  c l u s t e r s  where t h e  a p p l i e d  i n t e r e s t  l i e s .
We r e p o r t  h e r e  r e s u l t s  o f  a l o c a l  s p i n  d e n s i t y  f u n c t i o n a l
c a l c u l a t i o n  f o r  t h e  g round  s t a t e  p r o p e r t i e s  o f  some d i a t o m i c  m o l e c u l e s
and of  t h e  atoms c o n s t i t u t i n g  t h e  m o l e c u l e s .  T h i s  work was m o t i v a t e d  
by t h e  d e s i r e  t o  d e v e lo p  an a c c u r a t e  method f o r  t h e  c a l c u l a t i o n  o f  
e n e r g i e s  and wave f u n c t i o n s  o f  a to m ic  c l u s t e r s  i n  t h e  l o c a l  s p in  
d e n s i t y  a p p r o x i m a t i o n ,  in  which a G a u s s ia n  o r b i t a l  b a s i s  i s  employed 
and a l l  r e l e v a n t  t w o - e l e c t r o n  i n t e g r a l s  a r e  e v a l u a t e d  a n a l y t i c a l l y .
To a c c o m p l i s h  t h i s ,  we d e c i d e d  t o  mod ify  t h e  s t a n d a r d  quantum 
c h e m i s t r y  program GAUSS76 and GAUSS80 so t h a t  t h e  two e l e c t r o n  p a c k e t  
c o u ld  be p r o p e r l y  implem ented  in  o u r  l o c a l  d e n s i t y  c a l c u l a t i o n s .  A 
s i m i l a r  e f f o r t  has  been r e p o r t e d  by Gr imley and J y o t h i  Basu^ b u t  w i t h  
a minimal  b a s i s  s e t .
A s p e c i a l  prob lem i s  e n c o u n t e r e d  in  r e y a r d  t o  t h e  exchange  
c o r r e l a t i o n  p o t e n t i a l  i n  t h i s  m e thod .  Althouyh t h e  c h a r g e  and s p in  
d e n s i t i e s  a r e  e x a c t l y  e x p r e s s e d  in  t e r m s  of sums o f  G a u s s i a n  o r b i t a l s ,
3
t h e  exchanye  p o t e n t i a l  i s  n o t .  R a th e r  t h a n  i n t r o d u c i n g  an a u x i l i a r y  
f i t t i n y  o f  t h e  exchanye  c o r r e l a t i o n  p o t e n t i a l  u s ing  Gauss ian  o r b i t a l s ,  
we have chosen t o  c a l c u l a t e  t h e  m a t r i x  e l e m e n t s  o f  t h i s  p o t e n t i a l  by 
d i r e c t  numer ica l  i n t e g r a t i o n  u s in g  a s p e c i a l  g r i d  d e ve lope d  f o r  t h i s  
pu rpose  which t a k e s  ad v a n ta g e  of  t h e  symmetry of  t h e  m o le c u le .  In t h e  
p r e s e n t  c a s e ,  t h e  num er ica l  i n t e g r a l s  have t o  be perfo rmed  on ly  in 
o n e - h a l f  of  a p l a n e .  The y r i d  i s  d e s c r i b e d  in  t h e  Appedix A. We have 
a l s o  d e ve lope d  a t h r e e  d im e ns iona l  v e r s i o n  o f  t h i s  y r i d ^ .
We have s t u d i e d  t h e  f o l l o w i n y  f i r s t  row d i a t o m i c  m o le c u le s :  LiH,
CO, NO, Og, Fg, Cg, and B2 . For  t h e s e  m o le c u le s  r e s u l t s  o f  many 
r i g o r o u s  c a l c u l a t i o n s  and e x p e r i m e n t s  a r e  a v a i l a b l e .  Our r e s u l t s  a r e  
compared w i th  e x p e r i m e n t s  and o t h e r  c a l c u l a t i o n s .  The c a l c u l a t i o n s  
c l o s e s t  t o  o u r s  f o r  h e t e r o n u c l e a r  d i a t o m i c  m o le c u le s  a r e  t h o s e  o f  
Baerends  and Ros^,  who have e v a l u a t e d  ground s t a t e  p r o p e r t i e s  o f  t h e s e  
m o le c u le s  in  a s i m i l a r  l o c a l  d e n s i t y  a p p r o x i m a t i o n .  The re  a r e  t h r e e  
main p o i n t s  o f  d i f f e r e n c e  between t h e  p r e s e n t  work and t h a t  of  
Baerends and Ros:
We use  a Gauss ian  o r b i t a l  b a s i s  whereas  t h e y  use  a S l a t e r  o r b i t a l  
b a s i s .
{£ )  We use a s l i g h t l y  d i f f e r e n t  exchanye  c o r r e l a t i o n  p o t e n t i a l ,  
t h a t  o f  R a j a g o a p I ,  S i n g h a l ,  and Kimbal l^  i n s t e a d  o f  t h a t  p roposped by 
Hedin and L undqv i s t^  which was used in  R e f .  5.
(3)  We e v a l u a t e  a l l  i n t e g r a l s  ex c ep t  t h o s e  i n v o l v i n g  t h e  
exchanye c o r r e l a t i o n  p o t e n t i a l  Vxc a n a l y t i c a l l y .  Those i n v o l v i n g  Vxc 
a r e  e v a l u a t e d  n u m e r i c a l l y  on t h e  g r i d  ment ioned  above ,  whereas
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Baerends  and Ros use  t h e  d i s c r e t e  v a r i a t i o n a l  method (DVM) o f  E l l i s  
and Pa in te r .* *
P a i n t e r  and A v e r i l l y r e p o r t e d  c a l c u l a t i o n s  s i m i l a r  t o  o u r s  f o r  
d im ers  o f  f i r s t  row e l e m e n t s  u s i n g  t h r e e  d i f f e r e n t  e xc hange  
c o r r e l a t i o n  p o t e n t i a l s ;  Xa, t h o s e  o f  Gunnerson and L u n d q v i s t 1 0 , and 
Vosko,  Wilk ,  and N u s a i r  (VWN) fo rm 1*-. The VWN p o t e n t i a l  i s  based  on a 
f i t  t o  a c c u r a t e  num er ica l  c a l c u l a t i o n s  o f  t h e  c o r r e l a t i o n  e n e rg y  
d e n s i t y  f o r  a s p i n  p o l a r i z e d  f r e e  e l e c t r o n  g a s .  The b i n d i n g  e n e r y i e s  
o b t a i n e d  by P a i n t e r  and A v e r i l l  depend o n ly  weakly on t h e  exchanye  
c o r r e l a t i o n  p o t e n t i a l  employed (maximum d i f f e r e n c e  i s  0 . 1 5  eV in  t h e  
c a s e  o f  Li 2 ) •
An a d d i t i o n a l  c a l c u l a t i o n ,  t h a t  o f  O un lap ,  ConnoU y and Sab in  
(DCS)*-2 p r o v i d e s  a n o t h e r  c o m p a r i s o n .  These  a u t h o r s  r e p o r t e d  Xa 
c a l c u l a t i o n s  u s in y  a G a u s s ia n  o r b i t a l  b a s i s  b u t  making a v a r i a t i o n a l  
f i t  t o  t h e  c h a r g e  d e n s i t y  u s i n g  an a u x i l i a r y  b a s i s  t o  s i m p l i f y  t h e  
c a l c u l a t i o n  o f  t w o - c e n t r a l  i n t e y r a l s .  T h e i r  r e s u l t s  a r e  c l o s e  t o  
t h o s e  o f  P a i n t e r  and A v e r i l l  f o r  t h e  Xa p o t e n t i a l  which i n d i c a t e s  t h a t  
t h e  v a r i a t i o n a l  f i t t i n g  o f  t h e  c h a r g e  d e n s i t y  i s  s a t i s f a c t o r y .  The Xa 
r e s u l t s  do no t  show as much o v e r b i n d i n y  as do t h o s e  o f  t h e  l o c a l  s p in  
d e n s i t y  p o t e n t i a l s .  The r e l a t i o n  be tween  o u r  r e s u l t s  and t h o s e  o f  DCS 
a r e  d i s c u s s e d  s u b s e q u e n t l y .
However , a l l  t h e  d e n s i t y  f u n c t i o n a l  c a l c u l a t i o n s * ’ ’®’ ^  d i s c u s s e d  
o v e r e s t i m a t e d  t h e  b i n d i n g  e n e rg y  f o r  t h o s e  m o le c u le s  i n  which p 
e l e c t r o n s  a r e  i m p o r t a n t .  The p r e s e n t  work e x t e n d s ,  i n  a s e n s e ,  t h e
b
c a l c u l a t i o n s  o f  K ef .  9 t o  d i f f e r e n t  d i a t o m i c  m o l e c u l e s .
The d i f f e r e n c e s  do no t  a p p e a r  t o  be m a jo r  be tween  ou r  method and 
t h a t  o f  Baerends  arid Kos and t h a t  of  Dunlap _et_.al_. For  h e t e r o n u c l e a r  
m o l e c u l e s ,  bo th  o f  them employed a v a r i a t i o n a l  f i t  t o  t h e  c h a r y e  
d e n s i t y .  For  d i m e r s ,  ou r  method i s  s i m i l a r  t o  t h a t  o f  P i n t e r  and 
A v e r i l l ;  bu t  t h e  r e s u l t s  o b t a i n e d  h e re  do d i f f e r  f a i r l y  s i y n i f i c a n t l y  
from t h o s e  of  Baerends  and Ros and t h o s e  o f  P a i n t e r  and A v e r i l l ,  and 
in  most  of  t h e  i n s t a n c e s  exam ined ,  t h e  d i f f e r e n c e  i s  i n  t h e  d i r e c t i o n  
o f  improved ag re e m e n t  w i th  e x p e r i m e n t .  And t h e  s i g n i f i c a n t  
o v e r b i n d i n g  e x h i b i t e d  by a l l  t h e  d i f f e r e n t  works em ploy ing  t h e  l o c a l  
d e n s i t y  a p p r o x i m a t i o n  seems t o  d i s a p p e a r  i n  t h i s  work;  r a t h e r  we y e t  
s l i g h t  u n d e r b i n d i n g  i n s t e a d  o f  o v e r b i n d i n g  f o r  m o l e c u l e s  w i th  c l o s e d  
s h e l l s .  I t  i s  o u r  b e l i e f  t h a t  t h i s  i s  p r o b a b l y  due t o  a c o m b i n a t i o n  
o f  e f f e c t s  o f  t h e  use  o f  a l a r y e  b a s i s  s e t  and an improved  method o f  
c a l c u l a t i n g  t h e  exchange  c o r r e l a t i o n  p o t e n t i a l .
R e a l i z i n g  t h e  s u c c e s s  o f  t h i s  method f o r  t h e  second  row atoms and 
m o le c u le s  we p l a n  in  t h e  f u t u r e  t o  a p p l y  t h e  method t o  t h e  t r a n s i t i o n  
metal  d i m e r s  f o r  which ve ry  l i t t l e  i s  known ( b o th  e x p e r i m e n t a l l y  and 
t h e o r e t i c a l l y ) .
Be fo re  do ing  so we d e c i d e d  t o  i n v e s t i g a t e  t h e  e l e c t r o n i c  
s t r u c t u r e  o f  I r o n ,  C o b a l t ,  and Nicke l  a toms in  t h e  LSD 
a p p r o x i m a t i o n .  Very e x t e n s i v e  e x p e r i m e n t a l  d a t a  on 3d atoms a r e  
a v a i l a b l e .  As f a r  as  c a l c u l a t i o n s  a r e  c o n c e r n e d  we have found in  t h e  
l i t e r a t u r e  on ly  t h r e e  r e p o r t e d  LD c a l c u l a t i o n s  f o r  t h e s e  a tom s :  ( i )
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H a r r i s  and J o n e s ^ ,  ( i i )  Guenzburger  and S a i t o v i t c h ^ ,  ( i i i )  M oruzz i ,  
Janak  and W i l l i a m s * .
Tbe c o n c l u s i o n s  drawn from t h e s e  c a l c u l a t i o n s  a r e  t h e  same,namely 
t h e  l o c a l  d e n s i t y  f u n c t i o n a l  t h e o r y  i s  u n a b le  t o  p r o p e r l y  d e s c r i b e  t h e  
e l e c t r o n i c  s t r u c t u r e  o f  t h e s e  atoms w i t h  open d - s h e l l .  The c a l c u l a t e d  
ground s t a t e  c o n f i g u r a t i o n  o f  t h e s e  atoms a r e  found t o  be d i f f e r e n t  
f rom t h e  e x p e r i m e n t a l  o n e s .
We have s t u d i e d  t h e s e  atoms as  w e l l  a s  t h e  i o n i z a t i o n  p r o c e s s  o f  
t h e  Fe a tom .  Our r e s u l t s  a r e  i n  e x c e l l e n t  ag re e m e n t  w i t h  t h e  
e x p e r i m e n t a l l y  d e t e r m i n e d  s t r u c t u r e  and t h e  t r a n s i t i o n  s t a t e  
c a l c u l a t i o n  o f  Fe atom g i v e s  an i n s i g h t  i n t o  t h e  i o n i z a t i o n  p r o c e s s .
The second  c h a p t e r  o f  t h i s  d i s s e r t a t i o n  y i v e s  a s h o r t  r ev i e w  o f  
t h e  e x i s t i n y  methods f o r  m o l e c u l a r  o r b i t a l  c a l c u l a t i o n s .  The method 
used in  t h e  p r e s e n t  work and t h e  c o m p u t a t i o n a l  d e t a i l s  a r e  d i s c u s s e d  
in  c h a p t e r  t h r e e .  The a n a l y s i s  o f  t h e  r e s u l t s  f o l l o w s  in  c h a p t e r  f o u r  
and in  c h a p t e r  f i v e .  The e l e c t r o n i c  s t r u c t u r e  o f  t h e  f i r s t  row 
m o le c u le s  a r e  p r e s e n t e d  in  t h e  fo rm er  w h i l e  t h e  l a t t e r  a d d r e s s e s  t h e  
e l e c t r o n i c  s t r u c t u r e  o f  t h e  t r a n s i t i o n  m eta l  a tom s .  F i n a l l y  we draw 
our  c o n c l u s i o n s  in  c h a p t e r  s i x .
CHAPTER I I  
GENERAL THEORY
For a many e l e c t r o n  sys tem  {atoms w i th  a to m ic  number g r e a t e r  t h a n  
o n e ,  m o le c u le s  and s o l i d s )  t h e  c o m p l e x i t y  of  d e s c r i b i n g  t h e  m ot ion  of  
e l e c t r o n s  i n  t h e  f i e l d  of  f i x e d  n u c l e a r  p o i n t  c h a r g e s  (and  t h e  f i e l d  
o f  t h e  o t h e r  e l e c t r o n s )  i s  one o f  t h e  c e n t r a l  p rob lem s  o f  quantum 
m e c h a n i c s .  For  a sys tem  o f  M n u c l e i  w i th  N e l e c t r o n s  t h e  many body 
H a m i l to n i a n  {non r e l a t i v i s t i c  and t i m e  i n d e p e n d e n t )  i s
N 1 o ^ 1 _2 N M  Z.
H = '  2 7  ’ i ■ z V  E 2 I'r - r Ii= l  1 1 A=1 A i= l  A=1 * i Ra'
N M . M M Zfl Z»
+ 2 2 T r  r  I + 2 2 l a S |  ( 2 . 1 )
i= l  j> i  1 i rj 1 A=1 B>A |KA " B1
( i n  H a r t r e e  a to m ic  u n i t s ) .
D i f f e r e n t  a p p r o x i m a t e  methods have been worked o u t  t o  a r r i v e  a t  
s o l u t i o n s  of  t h e  many-body H a m i l t o n i a n .  The a p p r o x i m a t i o n s  of  
i n t e r e s t  h e r e  a r e  H a r t r e e - F o c k ,  Xa and Local D e n s i t y  a p p r o x i m a t i o n .
In a l l  t h e s e  methods t h e  t o t a l  e n e rg y  f u n c t i o n  i s  m in im ized  and t h e
many body H a m i l to n i a n  i s  reduced  t o  a s e t  o f  one e l e c t r o n
S c h r o d i n g e r  l i k e  e i g e n v a l u e  e q u a t i o n s
1 ^  - 1 f r ^ T T  + I T ^ ^ F T  a V  + V<1) *1 “ £i *1 ’ (Z-Z)
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In Eq. ( 2 . 2 ) ,  p ( r )  i s  t h e  t o t a l  c h a r g e  d e n s i t y ,  R i s  t h e  p o s i t i o n
r4
v e c t o r  o f  t h e  u th  atom and Z i s  t h e  a to m ic  number o f  t h e  atom. The
P
q u a n t i t y  Vd , i s  a p o t e n t i a l  (a more c o m p l i c a t e d  o p e r a t o r  d e s c r i b i n g  
exchange  and p o s s i b l y  c o r r e l a t i o n ) ,  i s  t h e  e i g e n v a l u e  and ^  a 
member o f  a s e t  of  wave f u n c t i o n s .
The s o l u t i o n  o f  t h i s  i n t e g r o - d i f f e r e n t i a l  e q u a t i o n  i s  s t r a i g h t  
f o r w a r d .  In g e n e r a l  a l i n e a r  v a r i a t i o n a l  t e c h n i q u e  i s  u s e d .  The wave 
f u n c t i o n  i s  t a k e n  as  a l i n e a r  c o m b in a t io n  o f  a s e t  o f  known
f u n c t i o n s  {$}
* ,  -  £ C,., .  ( 2 . 3 )
J
The e n e rg y  i s  t h e n  m in im ized  w i t h  r e s p e c t  t o  t h e  c o e f f i c i e n t s .  Th i s
l e a d s  t o  t h e  s e c u l a r  e q u a t i o n
H.C = E .S .C  , ( 2 . 4 )
where H i s  t h e  H a m i l to n i a n  m a t r i x ,  S i s  t h e  o v e r l a p  m a t r i x  and C i s
th e  c o e f f i c i e n t  m a t r i x .
The s o l u t i o n  o f  t h i s  m a t r i x  e q u a t i o n  i s  t h e n  o b t a i n e d  by 
i t e r a t i v e  m e th o d s .  T h i s  i s  i n  s h o r t  t h e  p r i n c i p l e  b e h in d  most  ab -  
i m t i o  m o l e c u l a r  o r  s o l i d  s t a t e  c a l c u l a t i o n s  f o r  d e t e r m i n i n g  t h e  
e l e c t r o n i c  s t r u c t u r e  o f  a s y s te m .
In t h e  H a r t r e e  Fock method,  t h e  t o t a l  wave f u n c t i o n  o f  t h e  sys tem  
is t a k e n  to  be a S l a t e r  d e t e r m i n a n t ,  which has  N s p in  o r b i t a l s  ^  t h a t  
a re  oc c u p ie d  by t h e  N e l e c t r o n s .  Th is  form o f  t h e  wave f u n c t i o n  t a k e s  
c a re  of tne  P a u l i  e x c l u s i o n  p r i n c i p l e .  Using t h e  v a r i a t i o n  method t o  
i f n - i / e  t n e  energy  one o b t a i n s  t h e  s e t  of  a p p r o x i m a t e  e q u a t i o n s  ( 2 . 2 )
where P12 i s  an o p e r a t o r  which o p e r a t i n g  t o  t h e  r i y h t ,  i n t e r c h a n g e s  
e l e c t r o n  1 and e l e c t r o n  2;  t h a t  i s
vd • V l>  - J [ / dS  Tj(rz) T r p V  'ti (rZ)] I1(rl )
- I [ / d3r, Cr2) T,(r2)] ^(^1 (2.6)
The p o t e n t i a l  Vd , when w r i t t e n  i n  t h e  form g iv e n  in  ( 2 . 5 ) ,  i s  
c a l l e d  t h e  HF exchange  p o t e n t i a l  VHl’ , and t h e  s o l u t i o n  o f  ( 2 . 2 )  w i t h  
t h e  p o t e n t i a l  i s  t h e  H a r t r e e - F o c k  (HF) m e thod .  I t  i s  c l e a r  t h a t  
t h e  HF exchange  p o t e n t i a l  i s  non l o c a l .
For  t h e  open s h e l l  HF o r  u n r e s t r i c t e d  HF(UHF)^y method two s e t s  
o f  o r b i t a l s  ’ST0' and w-or a r e  i n t r o d u c e d  t o  d e s c r i b e  t h e  two s p i n s  s t a t e s  
d e n o te d  by a  and - a .  The v a r i a t i o n a l  method l e a d s  t o  t h e  e i g e n v a l u e  
e q u a t i o n ,
^  + s  | r  foft  1 + /  7 r P- 7 ^ | d 3 r ' + Vd^ ¥?  = E?  ^ i  * ( 2 *7)
I f  a p r o p e r  s e t  o f  wave f u n c t i o n s  i s  c h o s e n ,  t h e n  a l l  t h e  
i n t e g r a l s  i n v o lv e d  in  t h e  s o l u t i o n  o f  t h e  m a t r i x  Eqs .  ( 2 . 3 )  and ( 2 .7 )  
can be worked o u t  a n a l y t i c a l l y .  In t h a t  s e n s e  i t  can be c o n s i d e r e d  as  
an a n a l y t i c a l  method .
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The HF m ethod,  t hough  e x t e n s i v e l y  used by c h e m i s t s ,  has  some 
s e r i o u s  d r a w b a c k s .  When a p p l i e d  t o  smal l  m o l e c u l e s ,  i t  p r e d i c t s  
v a l u e s  of  some o f  t h e  p r o p e r t i e s  o f  t h e  m o le c u le s  which a r e  q u i t e  
d i f f e r e n t  f rom e x p e r i m e n t a l  r e s u l t s .
A m ajo r  d i f f i c u l t y  i n  a p p l i c a t i o n  o f  t h e  HF method t o  b i g  sys tems  
i s  t h e  enormous number o f  m u l t i c e n t e r e d  i n t e g r a l s  g e n e r a t e d ,  which 
i n c r e a s e s  w i t h  t h e  number o f  b a s i s  f u n c t i o n  NB, as
To overcome t h i s  d i f f i c u l t y  i n  o b t a i n i n g  e x a c t  HF s o l u t i o n  f o r  
l a r y e  s y s t e m s ,  s e v e r a l  a p p r o x i m a t e  v a r i a t i o n s  o f  t h e  HF method have 
been i n t r o d u c e d ,  i n c l u d i n g  t h e  e x t e n d e d  Huckel (E-H) m ethod*7 * ^  and 
t h e  c o m p le te  n e g l e c t  o f  d i f f e r e n t i a l  o v e r l a p  method (CNDO)^ e t c .
These  a p p r o x i m a t e  methods were e a s i e r  t o  s o l v e  t h a n  t h e  e x a c t  HF 
e q u a t i o n s ,  b u t  t h e  r e s u l t s  o b t a i n e d  were d i s a s t r o u s  i n  many c a s e s ,  
e s p e c i a l l y  f o r  t h e  t r a n s i t i o n  meta l  so l  i d s . ^  They g e n e r a t e d  a z e r o  
d e n s i t y  o f  s t a t e s  a t  t h e  Fermi l e v e l  and yave l a r g e  band w i d t h s  f o r  
S-P bonded m a t e r i a l s .  The e x a c t  HF a l s o  g i v e s  a z e r o  d e n s i t y  o f  
s t a t e s  a t  t h e  Fermi l e v e l  a d i s a s t r o u s  r e s u l t  i n  a p p l i c a t i o n s  t o  
so l  i d s .
In o r d e r  t o  s i m p l i f y  c a l c u l a t i o n  in  t h e  HF a p p r o x i m a t i o n  S l a t e r 2 *1 
s u g g e s t e d  r e p l a c i n g  t h e  HF n o n - l o c a l  p o t e n t i a l  in  Eq.  ( 2 . 2 )  and ( 2 . 3 )  
by a l o c a l  p o t e n t i a l
Vd ( r )  = -  3a [-g^ p ( r ) ] ^  ( 2 . 9 )
and f o r  t h e  s p i n  d e p e n d en t  c a s e ,
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V j ( r )  = -  3 c e [ ^ |  P a ( r ) ] 1 / 3  .  ( 2 . 1 0 )
This  form of  t h e  exchanye  p o t e n t i a l  was f i r s t  i n t r o d u c e d  by D i r a c 22 in  
t h e  Thomas Fermi t h e o r y  of  t h e  e l e c t r o n  g a s 2'*’ 24 and was r e d e r i v e d  by 
G a s p a r ,  and by Kohn and Sham.2 5 ’26 The d i f f e r e n c e  between t h e  work of 
S l a t e r  and t h a t  of  t h e  o t h e r s  i s  in t h e  p a r a m e t e r  ' a ‘ . S l a t e r ' s  
exchanye  p o t e n t i a l  has  a = 1 ,  whereas  D i r a c ' s  exchanye  p o t e n t i a l  has 
a  = 2 / 3 .
When t h e  exchanye  p o t e n t i a l  i s  t a k e n  as  t h a t  y iven  in  ( 2 . y )  w i th  
some s u i t a b l y  chosen a i t  i s  c a l l e d  Xa e x c h an y e ,  and t h e  s o l u t i o n  o f  
Eq. ( 2 . 2 )  w i th  t h i s  p o t e n t i a l  i s  r e f e r r e d  t o  as  t h e  Xa method.
The i n t r o d u c t i o n  of  t h e  exchanye  p o t e n t i a l  was t h e  b e g in n i n g  of  
d e n s i t y  f u n c t i o n a l  t h e o r y .  Th i s  r e s u l t  which was o r i g i n a l l y  
i n t r o d u c e d  on ly  t o  app ro x im a te  t h e  HF exchange  o p e r a t o r ,  l a t e r  found a 
more fundamenta l  t h e o r e t i c a l  b a s i s  in  d e n s i t y  f u n c t i o n a l  t h e o r y .  Kohn 
and Sham showed t h a t  t h e  e f f e c t s  o f  exchanye  in  l o c a l  d e n s i t y
3 I / o
f u n c t i o n a l  t h e o r y  can be approx im ated  ^  \  = ‘ z ( ^  p ) » which 
a g r e e s  w i th  ( 2 . 1 0 )  f o r  a = 2 / 3 .
T h i s  form o f  exchange p o t e n t i a l  has been a p p l i e d  t o  l a r y e  
s y s te m s ,  o f t e n  w i th  a d d i t i o n a l  a p p ro x im a t io n  o f  a g e o m e t r i c  n a t u r e .
In d e n s i t y  f u n c t i o n a l  t h e o r y ,  i f  we know t h e  e x a c t  cha rye  
d e n s i t y  p ( r )  a t  e v e ry  p o i n t  in  s p a c e ,  we can f i n d  t h e  t o t a l  e n e r g y .
I f  t h i s  c a l c u l a t i o n  i s  made w i th  t h e  p o t e n t i a l s  j u s t  d i s c u s s e d ,  t h e  
e ne ryy  w i l l  not  be t h e  c o r r e c t  t o t a l  e n e r g y .  A s e r i e s  o f  c o r r e c t i o n s
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a r e  r e q u i r e d  t o  g e t  t h e  c o r r e c t  t o t a l  e n e r g y .
The coulomb i n t e r a c t i o n  t e rm  /  has in  i t  t h e
i n t e r a c t i o n  o f  each e l e c t r o n  w i th  i t s  own c h a rg e  d i s t r i b u t i o n  ( s e l f  
i n t e r a c t i o n ) .  That  i s  not  a p h y s i c a l  c o n t r i b u t i o n  and s h o u ld  be 
s u b t r a c t e d  o u t .  In t h e  HF method t h i s  c o n t r i b u t i o n  i s  c a n c e l l e d  
e x a c t l y  by a c o r r e s p o n d i n g  te rm  coming from t h e  exchange  p o t e n t i a l .
But when t h e  l o c a l  exchange  a p p ro x i m a t io n  i s  i n t r o d u c e d  t h e  
c a n c e l l a t i o n  of  t h e  s e l f  i n t e r a c t i o n  i s  no t  e x a c t  e x c e p t  f o r  a un i fo rm
s y s te m ,  and f u r t h e r  t h e  e x t e n t  o f  c a n c e l l a t i o n  i s  no t  known.
Exchange i s  t h e  c o n t r i b u t i o n  t o  t h e  e ne rgy  a r i s i n g  from t h e
an t i sym m etry  o f  t h e  wave f u n c t i o n s  unde r  p e r m u t a t i o n  o f  e l e c t r o n s .  I t
p r e v e n t s  two e l e c t r o n s  of  t h e  same s p in  from occupying  t h e  same one 
e l e c t r o n  s t a t e  or  from b e in g  a t  t h e  same p o i n t  i n  s p a c e .  Thus ,  t h e  
exchange  e ne rgy  lowers  t h e  e l e c t r o s t a t i c  e n e r g y .
Ano ther  e r r o r  i s  i n t r o d u c e d  in  c a l c u l a t i n g  t h e  i n t e r a c t i o n  ene rgy  
o f  e l e c t r o n s  by u s in g  an a v e ra g e  p o t e n t i a l  a r i s i n g  from each e l e c t r o n  
as  i f  t h e  e l e c t r o n s  were a c lo u d  o f  d i s t r i b u t e d  c h a r g e s .  Each 
e l e c t r o n  i s  a r a p i d l y  moving p o i n t  c h a rg e  which t e n d s  t o  a v o id  t h e  
o t h e r  e l e c t r o n s .  The c o r r e c t i o n  o f  t h i s  e r r o r  l e a d s  t o  a change in  
t h e  e ne rgy  c a l l e d  c o r r e l a t i o n  e n e r g y .  Adding t h e  c o r r e l a t i o n  
c o n t r i b u t i o n  and c a n c e l l i n g  t h e  s e l f  i n t e r a c t i o n  w i l l  g i v e  t h e  c o r r e c t  
t o t a l  ene rgy  o f  t h e  s y s te m .
Subsequen t  t o  t h e  work o f  Kohn and Sham, S l a t e r  p ropose d  t o  
r e g a r d  t h e  p a r a m e t e r  a in  Eq. (2 .1 0 )  as  v a r i a b l e  a c c o r d i n g  t o  t h e  
sys tem s t u d i e d .  T h i s  v a r i a t i o n  o f  a was i n t e n d e d  p resum ab ly  t o
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s i m u l a t e  some e l e c t r o n  c o r r e l a t i o n .  The p a r a m e t e r  ' a '  i s  now 
g e n e r a l l y  o p t i m i z e d  f o r  each  component  atom o f  t h e  sy s te m  s t u d i e d .  
There  a r e  two methods  o f  d o iny  t h i s  which were s u y y e s t e d  by S l a t e r 3? 
and implem en ted  by Schwarz ,  °  namely s a t i s f y i n g  t h e  V i r i a l  Theorem o r  
m a tc h in g  t h e  Xa t o t a l  e n e ry y  o f  t h e  atom t o  t h e  HF t o t a l  e n e r y y .  As a 
r e s u l t ,  two s e t s  o f  a ' s  a r e  a v a i l a b l e ,  one which s a t i s f i e s  HF t o t a l  
e n e r g y ,  d e n o te d  by a ^ p ,  and t h e  o t h e r  s a t i s f y i n g  t h e  V i r i a l  Theorem, 
de n o te d  by a ^ j  . N e i t h e r  o f  t h e s e  has  much p h y s i c a l  j u s t i f i c a t i o n .
In a s e n s e  we can say t h a t  s im ply  by v a r y i n y  a  we a r e  i n t r o d u c i n g  a 
f i t t i n g  p a r a m e t e r  t o  e x p e r i m e n t  or  t o  t h e  HF r e s u l t s .
D e n s i ty  f u n c t i o n a l  (DF) t h e o r y  was i n t r o d u c e d  by H ohenberg ,  Khon 
and Sham25 ,2 6  in  t h e  s i x t i e s .  S in c e  t h e n  i t  has  emeryed a s  t h e  most  
i m p o r t a n t  t o o l  f o r  o b t a i n i n g  t h e  g r o u n d - s t a t e  p r o p e r t i e s  o f  e x t e n d e d  
e l e c t r o n i c  s y s t e m s .  The t o t a l  e n e r y y ,  t h e  c h a ry e  and t h e  s p i n  
d e n s i t y ,  and t h e  e q u i l i b r i u m  p o s i t i o n s  o f  any assem bly  o f  a toms a r e  
t y p i c a l  p r o p e r t i e s  which i n  p r i n c i p l e  a r e  g iv e n  a c c u r a t e l y  by t h e  
t h e o r y .
The method i s  based  on t h e  f o l l o w i n y  th e o r e m :
( i )  The t o t a l  ground s t a t e  e n e rg y  E o f  a many e l e c t r o n  sys tem i s  
a f u n c t i o n a l  of  t h e  one p a r t i c l e  d e n s i t y  p ,  i . e . ,  E = E [ p J .
( i i )  For any sys tem  t h e  t o t a l  e n e ry y  f u n c t i o n a l  E[p]  nas  a 
minimum, equa l  t o  t h e  g round  s t a t e  e n e r y y  Ey,  a t  t h e  ground s t a t e  
d e n s i t y  o f  t h e  s y s t e m .
Hohenberg and Kohn2^ have p roved  t h a t ,  f o r  an i n t e r a c t i n g  
inhomoyeneous e l e c t r o n  s y s te m  in an e x t e r n a l  p o t e n t i a l  v ( r ) ,  t h e r e  
e x i s t s  a f u n c t i o n a l  F [ p ] ,  i n d e p e n d e n t  o f  v { r ) ,  such  t h a t
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Ey[ p J  = F C p ( f ) ]  + /  (?)  P<?) A  . ( 2 - 11 )
Kohrv and Sham s e p a r a t e d  t h e  f u n c t i o n a l  F [ p ]  f o r  a sys tem  i n t o  t h e  
sum o f  t h r e e  f u n c t i o n s :  (1 )  a k i n e t i c  e n e ry y  f u n c t i o n a l  T [ p ] ,  (2 )  a
Coulomb e n e rg y  f u n c t i o n a l ,  and (3 )  a f u n c t i o n a l  Ev _ (p )  c a l l e d  t h eAv
exchange  c o r r e l a t i o n  f u n c t i o n  which c o n t a i n s  exchange  and c o r r e l a t i o n  
e f f e c t s .
In t h e  a p p l i c a t i o n  o f  DF t h e o r y  t o  p h y s i c a l  s y s t e m s ,  i t  i s  
c e r t a i n l y  n e c e s s a r y  t o  i n t r o d u c e  some a p p r o x i m a t i o n s .  The 
p r e d o m i n a n t ly  used l o c a l  d e n s i t y  a p p r o x i m a t i o n  makes t h e  f o l l o w i n y  
s i m p l i f i c a t i o n s :  (a)  i f  t h e  sys tem  o f  i n t e r e s t  c o n t a i n s  N e l e c t r o n s ,
a s e t  o f  N s i n g l e  p a r t i c l e  f u n c t i o n s  {t } a r e  i n t r o d u c e d  such t h a t  t h e  
e x a c t  d e n s i t y  p can be e x p r e s s e d  as
With t h e  a s su m p t io n  ( a )  and ( b ) ,  t h e  t o t a l  e n e rg y  f u n c t i o n a l  i s  
min imized  by v a r i n y  t h e  d e n s i t y  s u b j e c t e d  t o  t h e  c o n s t r a i n t  t h a t  t h e  
number of  p a r t i c l e s  r em a ins  c o n s t a n t .  The v a r i a t i o n a l  p r o c e d u r e  l e a d s  
t o  t h e  e i g e n v a l u e  e q u a t i o n  ( 2 . 2 )  known as  t h e  Kohn-Sham (KS) 
e q u a t i o n s ,  w i t h ,
P ( r )  = E I*. | 2
i = l
(2 . 12 )
(b)  t h e  k i n e t i c  e n e ry y  f u n c t i o n a l  TCp] i s  w r i t t e n  as
i = l
( 2 . 1 3 )
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6Exc
Vd = • ( 2 . 1 4 )
6p
A g e n e r a l i z a t i o n  of  t n e  KS t h e o r y  t o  i n c l u d e  s p i n  i s  s t r a i y h t  
fo rw ard  and has  been d i s c u s s e d  e x t e n s i v e l y  by Von B a r th  and H e d i n , ^  
and by R a jagopa l  and C a l l  away.
The exchange  c o r r e l a t i o n  f u n c t i o n  E depends  no t  j u s t  on t n e  
c h a r g e  d e n s i t y  bu t  a l s o  on t h e  s p in  d e n s i t y .  I f  we d e n o t e  t h e  up and 
down s p i n  d e n s i t i e s  by and p_ff r e s p e c t i v e l y ,  t h e n
p ( r )  = pff( r )  + p_a ( r )  , ( 2 . 1 5 )
and
Exc = Ex c ( P c r ' P - ^  * <2 *1 6 )
I f  we i n t r o d u c e  two s e t s  o f  c oup le d  f u n c t i o n s  and ¥ - a  such
t h a t
N° n-  a
PCJs i f 1 and p- a “ i 5 1 l * n 2 ( 2 a 7 )
where N° i s  t h e  number o f  e l e c t r o n s  o f  s p i n  a ,  t h e n  t h e  v a r i a t i o n a l  
method o f  KS t h e o r y  l e a d s  t o  t h e  same form o f  s i n g l e  p a r t i c l e  e q u a t i o n  
as g iven  by ( 2 . 7 ) ,  which i s  known as  t h e  s p in  p o l a r i z e d  Kohn Sham 
e q u a t i o n ,  i n  which
vd ■ tP<’ ' P“ ’) • ( 2 - i b )
O’
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The e x a c t  form of  t h e  exc hanye  c o r r e l a t i o n  f u n c t i o n  i s  no t  Known 
but  i t  p l a y s  an e s s e n t i a l  r o l e  in  d e n s i t y  f u n c t i o n a l  t h e o r y .  I t  can 
however ,  be i n t e r p r e t e d  as  t h e  chanye  in  e l e c t r o s t a t i c  e n e ry y  o f  t h e  
c h a r y e  d i s t r i b u t i o n  p roduced  by t h e  p r e s e n c e  o f  an exc hange  
c o r r e l a t i o n  h o l e  a ro u n d  each  e lec t ron**1 .
Based on t h i s  i n t e r p r e t a t i o n ,  an a p p r o x i m a t e  form o f  t h e  exchanye 
c o r r e l a t i o n  p o t e n t i a l  has  been worked o u t  by Von B a r th  and Hadin 
( V B H ) ^ .  Th is  i s  a p a r a m e t r i z e d  f u n c t i o n  based  on f r e e  e l e c t r o n  
model .  O the r  a u t h o r s ,  such as  Gunnarson and L u n d q v i s t  ( G L ) ,1U and 
R a j a g o p a l ,  S ingha l  and Kimbal l  (RSK)6 have  d e v e lo p e d  Vxc p o t e n t i a l s  
hav in g  t h e  same f u n c t i o n a l  form as  t h a t  o f  VBH, b u t  w i th  d i f f e r e n t  
p a r a m e t r i z a t i o n s .  P a i n t e r ^  d e v e lo p e d  a n o t h e r  f u n c t i o n a l  form o f  t h e  
Vxc p o t e n t i a l ,  b a s ed  on t h e  work o f  Vosko,  Wilk and N u s a i r 11 on 
c o r r e l a t i o n .  A t e m p e r a t u r e  d e p e n d en t  Vxc p o t e n t i a l  has  been worked
•jo
o u t  by Gupta and R a ja g o p a l  .
In a s p i n  p o l a r i z e d  s y s t e m ,  t h e  Kohn Sham e q u a t i o n s  depend on 
s p i n .  In a d d i t i o n  t o  t h e  c o n s t r a i n t  t h a t  t h e  "number o f  p a r t i c l e s  i s  
c o n s t a n t , "  in  d e n s i t y  f u n c t i o n a l  t h e o r y ,  t h e  l o c a l  s p i n  d e n s i t y  
a p p r o x i m a t io n  (LSD) has  t h e  c o n s t r a i n t  t h a t  " t h e  t o t a l  s p in  moment i s  
c o n s t a n t " .  T h i s  c o n s t r a i n t  i s  p r e s e n t  i n d i r e c t l y  i n  s p i n  u n p o l a r i z e d  
KS t h e o r y  (namely t h e  t o t a l  s p in  moment i s  z e r o ) .  But t o  d e r i v e  t h e  
s p in  d e pe nden t  s i n g l e  p a r t i c l e  e q u a t i o n  we must  implement  t h e  
c o n s t r a i n t  /  ( p ^  -  p_o ) d r  = c o n s t .  As i n  HF t h e o r y  h e r e  a l s o  t h e  
form of  t h e  e q u a t i o n  r em ain s  t h e  same bu t  t h e r e  a r e  two s e t s  of  
e q u a t i o n s  f o r  t h e  two s p i n s .
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F i n a l l y  we must  remember t h a t  t h e  f u n c t i o n s  ^  i n  HF t h e o r y  has
t h e  p h y s i c a l  s i g n i f i c a n c e  o f  b e in g  a s i n y l e  e l e c t r o n  wave f u n c t i o n ,
namely | f . |  * dx , g i v e s  t h e  p r o b a b i l i t y  o f  f i n d i n g  t h e  e l e c t r o n  in
t h e  r e g i o n  d x .  A ccord ing  t o  Koopmons' t h e o r e m ,  t h e  Layranye  
m u l t i p l i e r  e- can be i n t e r p r e t e d  as  t h e  n e g a t i v e  o f  t h e  i o n i z a t i o n  
en e rg y  of  t h e  e l e c t r o n  in  t h a t  s t a t e .
In d e n s i t y  f u n c t i o n a l  t h e o r y  and do no t  have t h e  same
meaning a s  in  HF t h e o r y .  In DF t h e o r y  t h e  ¥ ' s  a r e  f u n c t i o n s  such  t h a t  
t h e  t r u e  c h a r g e  d e n s i t y  a t  e v e ry  p o i n t  i s  g iven  by
N o 5Et
p ( r )  = E | » t r  and Ei = TFT ( 2 *l y >
i = l  1 1 i
where Ej  i s  t h e  t o t a l  e n e ry y  o f  t h e  s y s te m  and  n^ i s  t h e  o c c u p a t i o n  
number.
A l though  in  t h e  LDF t h e o r y  t h e  many body S c h r o d i n y e r  e q u a t i o n  i s  
s i m p l i f i e d  i n t o  s i n y l e  p a r t i c l e  e q u a t i o n s ,  t h e  num er ica l  n a t u r e  o f  t h e  
exchanye  c o r r e l a t i o n  p o t e n t i a l  a y a in  c a u s e s  s e r i o u s  c o m p u t a t i o n a l  
d i f f i c u l t i e s  ( e . g . ,  l a r g e  number of  num er ica l  i n t e g r a t i o n s ,  p r o p e r  
num er ica l  q u a d r a t u r e ,  t h e  c o m p u t a t i o n a l  t im e  r e q u i r e d  f o r  t h e  
num er ica l  w ork ,  e t c . ) .  Due t o  t h e s e  d i f f i c u l t i e s  i n  p r a c t i c e ,  even in  
s im p le  ab i n i t i o  c a l c u l a t i o n s ,  some s o r t  o f  a p p r o x i m a t i o n s  a r e  u s u a l l y  
made.  These i n c l u d e  s e m i - e m p i r i c a l  c a l c u l a t i o n s ,  f r o z e n  c o re  
a p p r o x i m a t i o n s ,  p s e u d o - p o t e n t i a l  a p p r o x i m a t i o n ,  e t c .
In t h e  s e m i - e m p i r i c a l  c a l c u l a t i o n s ,  u s u a l l y  some i n f o r m a t i o n  i s  
t a k e n  from e x p e r i m e n t a l  d a t a  o r  from some o t h e r  c a l c u l a t i o n s  and 
i n t r o d u c e d  in  p a r a m e t e r i z e d  form in  t h e  t h e o r y .  These  e f f o r t s
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c e r t a i n l y  y e n e r a t e  r e s u l t s  w i th  e f f i c i e n c y ,  bu t  t h e  p h y s i c a l  
i m p l i c a t i o n  i n t r o d u c e d  by t h e  p a r a m e t e r i z a t i o n  a r e  no t  c l e a r  in  many 
c a s e s .
DIFFERENT METHODS
As m ent ioned  e a r l i e r ,  t h e  m a t r i x  e l e m e n t s  o f  t h e  exchange  and 
c o r r e l a t i o n  p o t e n t i a l s  of  t h e  Xa and LD a p p r o x i m a t i o n s ,  ca nno t  be 
d e te r m in e d  a n a l y t i c a l l y .  The re  a r e  s e v e r a l  d i s t i n c t  methods by which 
t h e  m a t r i x  e l e m e n t s  a r e  c a l c u l a t e d  g i v i n g  r i s e  t o  d i f f e r e n t  models  of  
c a l c u l a t i o n s  under  t h e  framework o f  t h e  Xa or  l o c a l  d e n s i t y  
a p p r o x i m a t i o n .
(A) MUFFIN-TIN METHOD: In t h i s  method,  each atom in  a m o le c u le  o r  a
c l u s t e r  i s  su r rounde d  by a s p h e r e .  In y e n e r a l , t h e s e  s p h e r e s  t o u cn  
each o t h e r  bu t  do no t  o v e r l a p .  The p o t e n t i a l  i s  assumed t o  be 
s p h e r i c a l l y  symmetr ic  w i t h i n  t h e s e  s p h e r e s .  The e n t i r e  c l u s t e r  i s  
su r r o u n d e d  by a l a r g e  o u t e r  s p h e r e ,  which i s  t a n g e n t  t o  some of  t h e  
s m a l l e r  s p h e r e s .  The p o t e n t i a l  i s  assumed t o  be c o n s t a n t  in  t h e  
r e g io n  be tween  t h e  i n n e r  s p h e r e s  and t h e  o u t e r  s p h e r e ,  t h i s  c o n s t a n t  
be in g  t h e  volume a v e r a g e  of  t h e  p o t e n t i a l  w i t h i n  t h i s  r e y i o n .  The 
p o t e n t i a l  i s  a ga in  assumed t o  be s p h e r i c a l l y  symmetr ic  o u t s i d e  t h e  
l a r g e  s p h e r e ^ .
This  t y p e  of  a p p ro x i m a t io n  t o  t h e  p o t e n t i a l  makes t h e  
co m p u ta t io n a l  method e x t r e m e l y  s i m p l e ,  bu t  l e a d s  t o  s i g n i f i c a n t  e r r o r s  
in  t h e  c a l c u l a t i o n  o f  t h e  e l e c t r o s t a t i c  and exc hange  t e r m s .  Removal 
o f  t h e  M u f f i n - t i n  a p p ro x i m a t io n  i s  n u m e r i c a l l y  c o m p l i c a t e d ,  but  l e a d s
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t o  major  improvements  in  a c c u r a c y 3 6 . I t  seems n e c e s s a r y  not  t o  use 
t h e  m uff in  t i n  a p p ro x i m a t io n  f o r  t o t a l  ene rgy  c a l c u l a t i o n s .
To overcome t h e s e  d raw backs ,  some a u t h o r s 36" 3® have r e p o r t e d  
c a l c u l a t i o n s  w i th  o v e r l a p p i n y  i n n e r  s p h e r e s ,  b u t  t h e  a c c u r a c y  of  t h i s  
p r o c e d u r e  i s  d i f f i c u l t  t o  a s s e s s .
(B) DISCRETE VARIATIONAL METHOD (DVM): The DVM i s  one o f  t h e  most
w id e ly  used  methods in  c l u s t e r  c a l c u l a t i o n s .  I t  has  been a p p l i e d  t o
sys tem s  r an y in g  from small  atoms and m o le c u le s  t o  l a r g e  t r a n s i t i o n  
metal  c l u s t e r s  and s o l i d s .
The b a s i c  c h a r a c t e r i s t i c  o f  t h i s  method i s  t h a t  a l l  m a t r i x  
e l e m e n t s  a r e  e v a l u a t e d  n u m e r i c a l l y .®  Any form o f  b a s i s  f u n c t i o n  can 
be u s e d ,  i n c l u d i n g  num er ica l  b a s i s  f u n c t i o n s  and m o le c u le s  of  complex 
geometry can be s t u d i e d  w i t h o u t  any s e r i o u s  p rob lem .
In t h i s  method t h e  m a t r i x  e l e m en t  o f  t h e  H am i l to n i a n  H between 
wave f u n c t i o n s  (A) and (B) i s  d e te r m in e d  from:
<A|H|B> = Z  W( r . )  A( r . j ) H ^ )  B ^ )  ( 2 . 20 )
where W(r^) i s  a p o s i t i v e  w e ig h t  f u n c t i o n  and t h e  summation i s  ove r  a 
d i s c r e t e  s e t  o f  sample p o i n t s  r ^ .
The m a t r i x  e l e m e n t s  depend on t h e  w e igh t  f a c t o r  W and t h e  number 
of  sample p o i n t s  .  The f a c t o r  W(r^) can be i n t e r p r e t e d  as  t h e  
volume p e r  sampl ing  p o i n t ,  and i f  t h e  p o i n t s  a r e  “c a r e f u l l y  chosen" 
t h e  m a t r i x  e l e m e n t s  s h ou ld  c onve rge  as  t h e  number o f  p o i n t s  i n c r e a s e s .
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The sampl ing  p o i n t s  f o r  t h e  i n t e g r a l s  in  t h e  DVM in  many c a s e s  
a r e  c a l c u l a t e d  n u m e r i c a l l y  by t h e  D io p h a n t in e  i n t e g r a t i o n  s c h e m e .3 y f4U 
An impor tance  f u n c t i o n  can a l s o  be used as  i n  t h e  method o f  A v e r i l l  
and E l l i s -* 9 , who d e f i n e  a volume d i s t r i b u t i o n  f u n c t i o n .  Th is  f u n c t i o n  
s h ou ld  be l a r g e  where t h e  i n t e g r a n d  i s  l a r g e  and c hang ing  r a p i d l y ,  and 
small  where t h e  i n t e g r a n d  i s  small  o r  s low ly  v a r y i n g .  These c r i t e r i a  
can be a p p r o x i m a t e ly  s a t i s f i e d  by a p o i n t  d i s t r i b u t i o n  which i s  l a r g e  
n e a r  t h e  n u c le u s  o f  a m o le c u le  and goes t o  z e r o  a t  l a r g e  d i s t a n c e s  
from t h e  n u c l e u s .  Such a d i s t r i b u t i o n  f u n c t i o n  can be t a k e n  as  t h e  
sum o f  F e r m i - l i k e  f u n c t i o n s  c e n t e r e d  on t h e  n u c l e i  of  t h e  m o le c u le .
(C) FITTING METHOD: In t h i s  method t h e  c h a rg e  d e n s i t y  and exchanye -
c o r r e l a t i o n  p o t e n t i a l  a r e  f i t t e d  t o  some a n a l y t i c a l  f u n c t i o n s  
( g e n e r a l l y  G a u s s i a n - t y p e  f u n c t i o n s )  c e n t e r e d  on each n u c l e u s .  The 
f i t t i n g  of t h e  cha rge  s i m p l i f i e s  t h e  c a l c u l a t i o n  o f  t h e  Coulomb m a t r ix  
e l e m e n t s  and t h e  f i t t i n g  of  t h e  exchanye c o r r e l a t i o n  p o t e n t i a l  
e l i m i n a t e s  t h e  d i f f i c u l t y  of  num er ica l  e v a l u a t i o n  o f  t h e  m a t r i x  
e l e m e n t s  of  Vx c . By f i t t i n g  t h e s e  q u a n t i t i e s  one o b t a i n s  a 
c o m p u t a t i o n a l l y  s im p le  and e f f i c i e n t  scheme,  bu t  t h e  p r o p e r  c h o i c e s  of  
a good f i t t i n y  b a s i s  remains  a s i g n i f i c a n t  o b s t a c l e .  The a b i l i t y  of  
t h e  f i t t i n y  f u n c t i o n  t o  r e p r e s e n t  t h e  a c t u a l  d e n s i t y  w i l l  d e t e r m i n e  
t h e  p h y s i c s  of  t h e  s o l u t i o n  o b t a i n e d  f o r  t h e  sy s te m .  Sometimes bond 
c e n t e r e d  f u n c t i o n s  a r e  added t o  t h e  n u c l e a r  c e n t e r e d  f i t t i n g  b a s i s  
t o  improve t h e  f i t t i n g .
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The f i t t i n g  p r o c e d u r e  can be f u r t h e r  c l a s s i f i e d  i n t o  two c l a s s e s :
(1 )  The l e a s t  s q u a r e  f i t t i n g  scheme o f  Sambe and F e l t o n , ^  which 
o p t i m i z e s  t h e  c h a r g e  d e n s i t y  w i th  t h e  c o n s t r a i n t  t h a t ,  'num ber  o f  
e l e c t r o n  i s  c o n s e r v e d 1.
(2 )  The v a r i a t i o n a l  f i t t i n g  scheme o f  Dunlap ,et_ which 
m in im iz es  t h e  e r r o r  in  t h e  e l e c t r o s t a t i c  e n e r g y .
In l o c a l  d e n s i t y  c a l c u l a t i o n s ,  i t  seems r e a s o n a b l e  t o  f o l l o w  t h e  
l e a s t  s q u a r e  f i t t i n g  scheme as  a l l  q u a n t i t i e s  in  l o c a l  d e n s i t y  
c a l c u l a t i o n s  depend  on t h e  a c c u r a c y  w i th  which t h e  c h a r g e  d e n s i t y  i s  
d e t e r m i n e d .
(U) MIXED METHODS: D i f f e r e n t  c o m b i n a t i o n s  o f  t h e s e  m ethods  have
a p p e a re d  in  t h e  l i t e r a t u r e .  The work o f  B ae rends  et_ aj_.^ used  DVM 
method t o g e t h e r  w i t h  t h e  l e a s t  s q u a r e s  f i t t i n g  method f o r  c h a r g e  
d e n s i t y  and Vx c . Lee ,  C a l l a w a y ,  and Dhar4 used v a r i a t i o n a l  f i t t i n g  
method t o g e t h e r  w i t h  a num er ica l  i n t e g r a t i o n  scheme s i m i l a r  t o  t h e  
DVM. The m u l t i p l e  s c a t t e r i n g  Xa m ethod34 u s e s  X a - p o t e n t i a l  w i t h  t h e  
Muffin t i n  a p p r o x i m a t i o n .
The method we used  in  t h i s  work i s  a c o m b i n a t i o n  of  a n a l y t i c a l  
methods and num er ica l  schemes f o r  i n t e g r a t i o n s  i n v o l v i n g  t h e  exchange  
c o r r e l a t i o n  p o t e n t i a l ,  e q u i v a l e n t  t o  t h a t  of  Lee et__al_.4 I t  i s  an a l l  
e l e c t r o n  c a l c u l a t i o n ,  w i th  no a p p r o x i m a t io n  of  t h e  f r o z e n  c o r e  o r  o f  
t h e  p s e u d o - p o t e n t i a l  t y p e .
CHAPTER I I I  
METHOD OF CALCULATION
In t h i s  c h a p t e r  we d e s c r i b e  i n  d e t a i l  t h e  t e c h n i q u e s  used t o  f i n d  
t h e  c o n t r i b u t i o n s  of  t h e  Coulomb and exchanye  c o r r e l a t i o n  
i n t e r a c t i o n s ,  t o  t h e  Ham i l ton ian  m a t r i x .  The a c t u a l  co m p u ta t io n a l  
p r o c e d u r e  we f o l lo w e d  t o  reach  s e l f - c o n s i s t e n t  s o l u t i o n  i s  a l s o  
p r e s e n t e d .  F i n a l l y  t h e  d e t e r m i n a t i o n  of  t h e  t o t a l  e n e r g y ,  t h e  b i n d in g  
e n e r g y ,  t h e  d i p o l e  moment, t h e  v i b r a t i o n a l  f r e q u e n c y ,  and t h e  
i o n i z a t i o n  p o t e n t i a l  i s  d e s c r i b e d .
Within  t h e  l o c a l  s p i n  d e n s i t y  f u n c t i o n a l  t h e o r y ,  t h e  e f f e c t i v e  
one e l e c t r o n  H a m i l ton ia n  f o r  an e l e c t r o n  of  sp in  a  can be w r i t t e n  as
Ha  = -  i  v2 + z P + f  - Et.r ' .L  d 3r , + v ( r )  . ( 3 . 1 )
I -  f t  I I j t i  I XC CTp r  -  R I r  -  r
Atomic u n i t s ,  w i th  e n e r g i e s  i n  H a r t r e e s  a r e  u s e d .  In Eq. ( 3 . 1 )  p ( r ’ ) 
i s  t h e  t o t a l  c h a rg e  d e n s i t y ,  ft i s  t h e  p o s i t i o n  v e c t o r  of  t h e  p “t h  
atom and i s  t h e  a tom ic  number of  t h e  atom. The q u a n t i t y  VXC(j( r )  
i s  t h e  exchanye  c o r r e l a t i o n  p o t e n t i a l  f o r  e l e c t r o n s  o f  s p in  a .  Here 
we t a k e  t h i s  t o  be t h e  p a r a m e t e r z i e d  exchanye  c o r r e l a t i o n  p o t e n t i a l ,  
which has  t h e  von B a r th  and Hedin*^ f u n c t i o n a l  form
'x c a  = A(p) t ^ 1 /3  + BCp) * ( 3 *2 >
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i n  which p^ i s  t h e  sp in  d e n s i t y  and A ( p ) ,  B(p) a r e  num er ica l  f u n c t i o n s
o f  d e n s i t y .  The f u n c t i o n s  A(p) and 8 ( p) a r e  g iven  in  Appendix B.
P F P FThese f u n c t i o n s  depend on f o u r  p a ra m e t e r s  C , C , r  , and r  . For
o u r  c a l c u l a t i o n s  t h e  v a l u e s  a s s i g n e d  t o  t h e s e  c o n s t a n t s  a r e :
Cp = 0 .0 4 6 1 2 ,  CF = 0.02628 , r P = 8 9 . 7 ,  r F = 70 .6
as  given  by R a j a g o p a l ,  S ingha l  and Kimbal l (RSK).®
The e i g e n f u n c t i o n s  ¥ ?  of  Ha a r e  expanded in  te rm s  o f  a s e t  of 
Gauss ian  b a s i s  f u n c t i o n s  ( 4 0 ,  i . e . ,
J
* ?  = J  Cj i  *j * <3 ' 3 >
The a a r e  in  g e n e ra l  not  o r t h o g o n a l .  T h i s  l e a d s  t o  t h e  s e c u l a r
J
e q u a t i o n ,
H°Ca = EaS Ca . ( 3 . 4 )
Here Hc d e n o te s  t h e  Ham i l ton ian  m a t r i x  f o r  s p in  o,  Cc i s  t h e  
c o e f f i c i e n t  m a t r ix  f o r  s p in  a  and S i s  t h e  o v e r l a p  m a t r i x  o f  t h e  b a s i s  
chosen .
Tne s p in  d e n s i t y  pQ can be w r i t t e n  in  t e rm s  of  t h e  e i g e n f u n c t i o n s  




D° j  = £  c t i  c k° v  ■ ‘ 3 -6 >
i s  t h e  i j t h  e lem en t  of  t h e  a s p in  d e n s i t y  m a t r i x .  The t o t a l  d e n s i t y  
m a t r i x  t) i s  g iv en  by
D = D° + D_cr . ( 3 . 7 )
The t o t a l  c h a rg e  d e n s i t y  can be w r i t t e n  as
p ( r )  = 2__ Di j - ^ ( r )  <Hj ( p ) ( 3 . 8 )
The m a t r i x  e l e m e n t s  of  t h e  e l e c t r o n - e l e c t r o n  Coulomb i n t e r a c t i o n  
t erms  in  Eq. ( 3 . 1 )  can be e x p r e s s e d  a s :
<V P) ' V r)>
= E <*A( r )  ^ ( r ' )  \ r l  r . 1 <t>j ( r 1) 4>k ( r ) > . ( 3 . 9 )
 ̂J
Eq* ( i . y )  r e q u i r e s  e v a l u a t i o n  o f  m a t r ix  e l e m e n t s  o f  t h e  form
< 0 j U )  ♦ j ( Z )  \ -± - \  ^ ( 1 )  ♦ A ( 2 ) >  .  ( 3 . 1 0 )
Tnese m a t r ix  e l e m e n t s  a r e  e v a l u a t e d  e x a c t l y  u s i n y  t h e  two 
r ;>'c t r o n  i n t e g r a l  r o u t i n e s  of t h e  quantum c h e m i s t r y  programs GAUSS76
2b
and GAUSS8Q.
The m a t r i x  e l e m e n t s  o f  t h e  exchanye  c o r r e l a t i o n  p o t e n t i a l  a r e  
computed n u m e r i c a l l y  on t h e  s p e c i a l  two d i m e n s io n a l  " a p p r o x i m a te  
d o u b l i n g  g r i d "  m e n t ione d  p r e v i o u s l y  ( s e e  Appendix A).  The g r i d  
g e n e r a t e s  a s e t  o f  p o i n t s  {(R,Z)}  and t h e  c o r r e s p o n d i n g  w e ig h t  f a c t o r s  
{W} f o r  each  p o i n t  i n  a p l a n e  t h r o u g h  t h e  a x i s  o f  t h e  m o l e c u l e .
S in c e  a d i a t o m i c  m o le c u le  i s  symm etr ic  w i t h  r e s p e c t  t o  r o t a t i o n s  
ab o u t  t h e  m o l e c u l a r  a x i s ,  t h e  s p i n  and c h a r y e  d e n s i t i e s  a r e  
i n d e p e n d e n t  o f  a z im u th a l  a n g l e  ( p r o v i d e d ,  o f  c o u r s e ,  t h a t  i n  t h e  c a s e  
o f  p a r t i a l l y  o c c u p ie d  d e g e n e r a t e  l e v e l s ,  equa l  or  p o s s i b l y  f r a c t i o n a l ,  
occupancy o f  t h e  s t a t e s  i s  e n f o r c e d ) .  The c h a r g e  and s p i n  d e n s i t i e s  
r e q u i r e d  t o  c a l c u l a t e  VXC(j, a r e  computed a t  each  g r i d  p o i n t  from Eqs .  
( 3 . 8 )  and ( 3 . 6 )  r e s p e c t i v e l y .
The m a t r i x  e l e m e n t s  o f  Vv„ a r e  t h e n  g iv e n  by
X C g
in  which t h e  sum ru n s  o v e r  a l l  g r i d  p o i n t s  ( l a b e l e d  i ) ,  W(i) i s  a 
w e i g h t  a s s o c i a t e d  w i th  t h e  g r i d  p o i n t ,  R ( i )  i s  t h e  r a d i u s  in  a 
c y l i n d r i c a l  c o o r d i n a t e  sys tem  (R,Z,<|>) and G i s  g iven  by
?  +k ( i )  Vx c o ( i )  ♦ j W  R( i )  Wt i )  Gkj  * ( 3 *U )
2-re
Gkj = ^ *o
( 3 . 1 2 )
where £Ji t<fr) i s  t h e  f u n c t i o n  g i v i n y  t h e  a z i m u t h a l  d e p e n d en c e  of
J J




VALUES OF G ( i , j )  FOB MOLECULAR CALCULATIONS
F u n c t i o n S px P* Pz d xZ d/ d z* d xy dxz dyz
Label 1 2 3 4 5 6 7 8 9 10




l xy f z x 2 f  2  Txz V 2 V f xyz
Label 11 12 13 14 15 16 17 18 19 20
Only t h e  non z e r o  values o f  G are given, and G ( i , j )  ■ U( u , 1 )
F u n c t i o n s
(1.3)
G ( i . j ) F un c t i o n s
( i . j )
6(1.J) F u n c t i o n s
(1 .J)
GO,j) F u n c t i on s
d . j )
G O , j )
(1,1) 2* (3,18) % (6.16) XX (11.14)
K
tt
(1.4) Z k (4.4) 2 k (6,19) 3 k4 (11.17)
3*
4
(1.5) * (4,5) K (7,7) 2 k (12,12) &KT
(1,6) % (4,6) * (7.13) 2 k (12.15) %F
(1.7) 2 k (4,7) 2x 7,16) K (12,18) 3 k4
(1.13) Z k (4.13) 2 k (7,19) K (13,13) Z x
(1.16) K (4.16) K (8.8) K4 (13,16) %
(1.19) K (4,19) * (8,20) K4 (13,19) n
(2,2) K (5,5) 3 ki r (9.9) K (14,14)
%
F









(2,14) KX (5,13) K (9,17) n (15,18)
K
J
(2,17) K (5.16) 3 kT (10,10) k (16.16)
3x
T









r ~ (6.7) K (10.18) n (18,18) X
( 3 . 1 b )
X
J







uj ($)  = Cos $ and a (<f) = 1 ] .  The v a lu e s  of  G a r e  g iven  in  Tab le  1 
Py Pz
{from s - f u n c t i o n  up t o  f - f u n c t i o n ) .
Com puta t iona l  P roc edu re
As t h e  m a t r i x  H depends on C and a  a s e l f  c o n s i s t e n t  s o l u t i o n  has  
t o  be found by an i t e r a t i v e  p r o c e s s  i n c l u d i n g  two m a t r ix  
d i a g o n a l i z a t i o n s  (one f o r  each v a lu e  of  a ) a t  each s t a g e .  The sp in  
d e n s i t y  m a t r i x  and t h e  t o t a l  d e n s i t y  m a t r i x  a r e  c o n s t r u c t e d  from t h e  
c o e f f i c i e n t  m a t r i c e s  Ca .
To s t a r t  t h e  m o l e c u l a r  c a l c u l a t i o n  a t  a s p e c i f i e d  i n t e r a t o m i c  
s e p a r a t i o n ,  an i n i t i a l  guess  t o  t h e  c ha rge  d e n s i t y  i s  r e q u i r e d .  For 
t h i s  t h e  c o re  H a m i l ton ia n  m a t r i x  and t h e  o v e r l a p  m a t r i x  a r e  o b t a i n e d  
from t h e  g iven  b a s i s  s e t .  The s o l u t i o n  o f  t h e  m a t r i x  e q u a t i o n  ( 3 . 4 )  
wi th  t h e  c o re  H a m i l ton ia n  m a t r i x  ( c o r e - d i a g o n a l i z a t i o n )  y e n e r a t e s  a 
s e t  o f  c o e f f i c i e n t s  from which a d e n s i t y  m a t r i x  i s  c o n s t r u c t e d .  This  
d e n s i t y  m a t r ix  o b t a i n e d  by t h e  c o r e - d i a y o n a l i z a t i o n  i s  t a k e n  as  t h e  
i n i t i a l  guess  t o  t h e  d e n s i t y  m a t r i x .
Th is  guess  i s  no t  a good one and a l a r y e  number o f  i t e r a t i o n s  a r e  
r e q u i r e d  f o r  c o n v e rg e n c e .
Le t  us d e n o te  t h e  d e n s i t y  m a t r i x  a t  t h e  n th  and ( n - l ) t h  i t e r a t i o n  
by Dn and Dn - *,  r e s p e c t i v e l y .  The d e g re e  o f  conve rgence  o f  t h e  
d e n s i t y  m a t r ix  i s  d e f i n e d  by
Convergence = v p  (E (D?. -  D?"1 )2 ) 1̂  
B i j  1J
(3 .1 3 )
where Ng i s  t h e  number o f  b a s i s  f u n c t i o n s .
The i t e r a t i o n s  a r e  pe r fo rm ed  u n t i l  t h e  d e n s i t y  m a t r i x  c o n v e rg e s
p o i n t  a r e  c o n s i d e r e d  as  t h e  s e l f  c o n s i s t e n t  s o l u t i o n s .
For t h e  s u b s e q u e n t  runs  wi th  d i f f e r e n t  i n t e r a t o m i c  s e p a r a t i o n s  
t h e  i n i t i a l  gues s  i s  t a k e n  as t h e  conve rge d  d e n s i t y  m a t r i x  o f  t h e  
n e a r e s t  i n t e r a t o m i c  s e p a r a t i o n .
The i t e r a t i v e  c a l c u l a t i o n s  l e a d i n g  t o  s e l f  c o n s i s t e n c y  were s low 
t o  c o n v e rg e  compared t o  t h o s e  u s in g  t h e  H a r t r e e  Fock m ethod .  T h i s  
seems t o  b e ,  u n f o r t u n a t e l y ,  a c h a r a c t e r i s t i c  p r o p e r t y  o f  methods based  
on d e n s i t y  f u n c t i o n a l  t h e o r y .  For  f u r t h e r  d i s c u s s i o n ,  s e e  Kef .  4 .  We 
d e f i n e  a m ix ing  f a c t o r  x  such t h a t  t h e  i n p u t  d e n s i t y  t o  t h e  ( n - l ) t h  
i t e r a t i v e  s t a g e  i s  g iven  by
A v a l u e  o f  be tween  0 .3  and 0 . 4  was needed  t o  a v o id  o s c i l l a t i o n a r y  
d i v e r g e n c e  o f  t h e  p r o c e d u r e .
To ta l  Energy
The t o t a l  e n e rg y  Ey,  o f  t h e  sys tem  i s  c a l c u l a t e d  from
t o  b e t t e r  t h a n  IQ"6 . The e i g e n v a l u e s  and t h e  e i g e n f u n c t i o n s  a t  t h i s
Pn+1 = x Pn + (1 ‘  x > Pn-1 *
E = 
T
( 3 . 1 4 )
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where  Axc i s  g iven  by
and Exc i s  t h e  exchanye  c o r r e l a t i o n  f u n c t i o n .  I t  has  been shown by 
Cal laway e t_ ^ l _ .42 t h a t  Avr can be e x p r e s s e d  as
O  w
Axc -  2 /  p ( ? )  w (?)  d3 r  ( 3 . 1 6 )
a
where
wa  = P (p )  t ^ ) 1 /3  + Q(p ) -  f ( p ff^ _ a ) G(p)  . ( 3 . 1 7 )
The q u a n t i t i e s  f ,  Q, P ,  and 6 a r e  d e f i n e d  i n  r e f .  42 and a r e  y i v e n  in  
Appendix B.
B in d in g  e n e ry y
The b i n d i n g  e n e rg y  i s  t a k e n  as  t h e  d i f f e r e n c e  be tween  t h e  t o t a l
e n e r y y  o f  t h e  m o le c u le  and t h e  sum o f  t h e  a to m ic  e n e r g i e s  o f  t h e  two
a to m s .
I f  Epft i s  t h e  t o t a l  e n e ry y  o f  a m o le c u le  AB whose component  a toms 
A and B have ground s t a t e  e n e r y i e s  E^ and Eg r e s p e c t i v e l y ,  t h e n  t h e  
b i n d i n g  e n e r g y  De o f  t h e  m o le c u le  i s  g iv en  by
De = eAB " ( eA + eB>
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Atomic c a l c u l a t i o n
In o r d e r  t o  d e t e r m i n e  t h e  b i n d in g  ene rgy  o f  t h e  m o l e c u l e ,  t h e  
ground s t a t e  t o t a l  ene rgy  o f  t h e  atoms c o n s t i t u t i n g  t h e  m o le c u le  a re  
r e q u i r e d .
The method employed in  d e t e r m i n i n g  t h e  t o t a l  e n e rg y  of  an atom, 
i s  s i m i l a r  t o  t h e  p r o c e d u r e  f o l l o w e d  f o r  t h e  m o le c u la r  c a l c u l a t i o n .  
The a tom ic  c a l c u l a t i o n  d i f f e r s  f rom t h e  m o l e c u l a r  c a l c u l a t i o n  o n ly  in  
t h e  num er ica l  scheme f o r  e v a l u a t i n g  t h e  m a t r i x  e l e m e n t s  i n v o l v i n g  
exchange  c o r r e l a t i o n  p o t e n t i a l .
The atom i s  s p h e r i c a l l y  symmetr ic  so t h e  m a t r i x  e l e m e n t s  o f  VXCa 
can be w r i t t e n  as
Here
= /  j u . : (©,<!>) Q^(0,<t>) s in© d© d<t>
o o  J
( 3 . 1 9 )
A/where £2.(0,$)  i s  t h e  a n g u l a r  p a r t  o f  t h e  f u n c t i o n  $ - ( r ) and L i s  t h e
J  J
r a d i a l  v a r i a b l e .  The v a l u e s  o f  ( f rom s t o  f  f u n c t i o n s )  a r e  g iven
' J
in  Table  I I .
The o n e -d im e n s io n a l  i n t e g r a l
[  V z> W 2> *j<z) z2 dZ (3 .2U)
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TABLE II
VALUES OF GA( i . j )  FOR ATOMIC CALCULATIONS
Only t h e  n o n - z e r o  v a l u e s  a r e  g i v e n ,  and GA( i , j )  * Ga (j , 1J 
The l a b e l s  u se d  a r e  t h e  same as  In  Tab l e  I .
F u n c t i o n
( 1 . J ) GA( i . j )
F u n c t i o n
d . j ) GA(1 , j )
F u n c t i on
( l . j ) GA( 1 , J )
( l . D 4 k ( 5 . 5 ) 4 k /  5 ( 1 3 . 1 3 } 4 n / 7
( 1 . 5 ) 4 k/ 3 ( 5 . 6 ) 4 k / 1 5 ( 1 3 . 1 6 ) 4 k / 3 5
( 1 . 6 ) 4 k / 3 ( 5 , 7 ) 4 * / 1 5 ( 1 3 , 1 9 ) 4 k / 3 5
( 1 . 7 ) 4 x / 3 ( 6 . 6 ) 4 k / 5 ( 1 4 , 1 4 ) 4 k / 3 5
( 2 , 2 ) 4 k / 3 ( 6 . 7 ) 4 k / 5 ( 1 4 , 1 7 ) 4 k / 1 0 5
( 2 . 1 1 ) 2 k / 5 ( 7 , 7 ) 4 k / 5 ( 1 5 , 1 5 ) 4 k / 3 5
( 2 , 1 4 ) 8 * / 1 5 ( 8 , 8 ) 4 k / 1 5 ( 1 5 . 1 8 ) 4 k / 1 0 5
( 2 , 1 7 ) 4 k/ 1 5 ( 9 . 9 ) 4 k / 1 5 ( 1 6 , 1 6 ) 4 k / 3 5
( 3 , 3 ) 4 k / 3 ( 1 0 . 1 0 ) 4 k / 1 5 ( 1 6 , 1 9 ) 4 k / 1 0 5
( 3 . 1 2 ) 2 k / 5 ( l l . U ) 4 k / 7 ( 1 7 . 1 7 ) 4 k / 3 5
( 3 . 1 5 ) 8 k / 1 5 ( 1 1 . 1 4 ) 4 n / 3 5 ( 1 8 , 1 8 ) 4 k / 3 5
( 3 , 1 8 ) 4 k / 1 5 ( 1 1 , 1 7 ) 4 k / 3 5 ( 1 9 , 1 9 ) 4 k / 3 5
( 4 , 4 ) 4 k / 3 ( 1 2 , 1 2 ) 4 k / 7 ( 2 0 , 2 0 ) 4 k / 1 0 5
4 ( 1 3 ) 4 n / 5 ( 1 2 , 1 5 ) 4 k / 3 5
( 4 , 1 6 ) 4  k / 1 5 ( 1 2 . 1 8 ) 4 k / 3 5
( 4 , 1 9 ) 4 k / 1 5
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a r e  d e t e r m i n e d  by S im pon 's  i n t e y r a t i o n  scheme.
D ip o le  moment
The d i p o l e  moment p., i s  c a l c u l a t e d  from
M - H O b  < v | r | k >  + e Z. K. , 
k v i
( 3 . 2 1 J
i n  which Dkv i s  t h e  d e n s i t y  m a t r i x  and i s  t h e  p o s i t i o n  v e c t o r  o f  
atom 1.
V i b r a t i o n a l  F requency
The v i b r a t i o n a l  f r e q u e n c y  w, i s  found  by f i t t i n y  t h e  p o t e n t i a l
i n  which r g i s  t h e  e q u i l i b r i u m  i n t e r n u c l e a r  d i s t a n c e ,  Em i s  t h e  e n e ry y  
a t  t h e  minimum, Ue i s  t h e  we l l  d e p t h ,  which we s h a l l  c a l l  t h e  b i n d i n y  
e n e r y y ,  and i s  r e l a t e d  t o  t h e  o b s e r v e d  d i s s o c i a t i o n  e n e r y y  by D0 =
De -  u /2 .
We p e r f o r m  a l e a s t  s q u a r e s  f i t  u s i n y
e n e rg y  c u rv e  t o  a  Horse p o t e n t i a l ^
(3 .2 2 )
( 3 . 2 3 )
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t o  d e t e r m i n e  p ,  f rom which we f i n d  t h e  v i b r a t i o n a l  f r e q u e n c y  as 
d i s c u s s e d  by H e r z b e r g . 56 I f  Dfi i s  e x p r e s s e d  in  e l e c t r o n  v o l t  and t n e  
r ed u c e d  mass o f  t h e  m o le c u le  i s  e x p r e s s e d  in  a t o m i c - w e i y h t  u n i t s ,  
i t  can be shown t h a t ,
u  = [ 7269 .917  p ( ^ 2  -  120 .399  ] (cm"1 ) . ( 3 . 2 4 )
r  r
I o n i z a t i o n  P o t e n t i a l
S i n c e  Koopman's t h e o r e m  i s  no t  v a l i d  f o r  t h e  LD method ,  t h e  
o r b i t a l  e n e r g i e s  c a n n o t  be used t o  c a l c u l a t e  t h e  i o n i z a t i o n  
e n e r g i e s .  I n s t e a d  a c o n c e p t ,  known as  t h e  ' t r a n s i t i o n 1 s t a t e ,  i s  
u s e d 4 5 *4 6 .
I t  can be shown t h a t  t h e  d i f f e r e n c e  i n  e n e ry y  between  t h e  a 
m o le c u le  ( o r  a tom) and i t s  p o s i t i v e  ion  can be a c c u r a t e l y  a p p ro x im a te d  
n o t  by t h e  o r b i t a l  e n e rg y  in  t h e  ground s t a t e  as  in  t h e  HF m ethod ,  but  
by t h e  o r b i t a l  e n e rg y  in  a h y p o t h e t i c a l  ( t r a n s i t i o n )  s t a t e  where one-  
h a l f  o f  an e l e c t r o n  has  been  removed from t h e  o r b i t a l .  T h i s  c o n c e p t  
i s  used  as  a m a t t e r  o f  c o n v e n i e n c e ,  s i n c e  i t  i s  more p r a c t i c a l  
c o m p u t a t i o n a l l y  t o  d e t e r m i n e  t h e  t r a n s i t i o n  s t a t e  o r b i t a l ,  r a t h e r  t h a n  
t h e  d i f f e r e n c e  o f  two t o t a l  e n e r g i e s ,  which a r e  u s u a l l y  much l a r g e r  
num bers .  The t r a n s i t i o n  s t a t e  e n e ry y  has  t h e  a d v a n ta g e  o v e r  t h e  
Koopman's t h e o r e m ,  in  t h a t  no c o r r e c t i o n  ( a t  l e a s t  t o  f i r s t  o r d e r )  f o r  
o r b i t a l  r e l a x a t i o n  i s  n e e d e d .
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B a s i s  Fun c t io n
In p r i n c i p l e  many d i f f e r e n t  k inds  o f  b a s i s  s e t  f u n c t i o n s  
{<})} cou ld  be used t o  expand t h e  o r b i t a l  f u n c t i o n s  y .  A number of
c h o i c e s  have been s u g g e s t e d  bu t  on ly  two t y p e s  of  f u n c t i o n s ,  namely
t h e  S l a t e r  t y p e  o r b i t a l s  (STO) and t h e  Gauss ia n  t y p e  o r b i t a l s  (GTO), 
have found common u s e .  Both o f  them a r e  p o ly n o m ia l s  in  components  of
- a i r  - R I - a | r  -  R | 2
{ r  -  R ^ ) . m u l t i p l i e d  by e ^ in  STO and by e ^ in  GTO.
The S l a t e r  t y p e  f u n c t i o n s  d e s c r i b e s  c o r r e c t l y  t h e  q u a n t i t a t i v e  
f e a t u r e s  of  t h e  m o le c u la r  o r b i t a l s .  The main drawbacks of  t h e  
G auss ian  t y p e  f u n c t i o n  a r e :
( i )  They l ac k  t h e  cusp n e a r  t h e  o r i g i n  ( n u c l e u s ) ,  i . e . ,  a t  t n e  
o r i g i n  t h e  S l a t e r  f u n c t i o n  has f i n i t e  s l o p e  whereas  t h e  
G a u s s ia n  f u n c t i o n  has  z e ro  s l o p e .
( i i )  They have u n d e s i r a b l e  form a t  l a r g e  d i s t a n c e s  from t h e
n u c l e u s .  I t  can be shown t h a t  f o r  l a r g e  v a l u e s  of  r ,  t h e
H  n r  p
m o le c u la r  o r b i t a l s  decay as  f  ~  e , which i s  o f  t h e  
S l a t e r  t y p e .  At l a r g e  v a lu e s  o f  r  t h e  G a uss ia n  f u n c t i o n  
decays  much more r a p i d l y  t h a n  t h e  S l a t e r  f u n c t i o n .
These unwanted f e a t u r e s  i n h e r e n t  in  t h e  G auss ian  t y p e  of  
f u n c t i o n s  can be removed by u s ing  a l a r g e  number o f  b a s i s  f u n c t i o n .
As a r e s u l t  f ewer  S l a t e r  b a s i s  f u n c t i o n s  than  G auss ian  b a s i s  f u n c t i o n s  
would be needed in t h e  expa ns ion  o f  y ,  f o r  com parab le  r e s u l t s .
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However i n  m o l e c u l a r  c a l c u l a t i o n s  a c h o ic e  o f  GTO b a s i s  s e t  i s  
u s u a l l y  p r e f e r r e d  ov e r  STO b a s i s  s e t .  Th is  i s  be c ause  t h e  e v a l u a t i o n  
o f  t h e  m u l t i - c e n t e r  i n t e y r a l s  i s  d i f f i c u l t  and t im e  consuming w i th  t h e  
S l a t e r  b a s i s  f u n c t i o n s .  These i n t e y r a l s  can be e v a l u a t e d  a n a l y t i c a l l y  
wi th  t h e  Gauss ia n  b a s i s  f u n c t i o n s .
In t h i s  work we have adop ted  G auss ian  t y p e  o r b i t a l s  as  t h e  b a s i s  
f u n c t i o n .  All t h e  c a l c u l a t i o n s  a r e  done in  t h e  C a r t e s i a n  c o o r d i n a t e  
( x , y , z )  s y s te m .  In t h i s  c o o r d i n a t e  sys tem  t h e  n o r m a l iz e d  p r i m i t i v e  
GTO's a r e  d e f i n e d  as
and xft = (x -  Ax ) , y A = (y -  Ay ) , z = (z  -  A2 ) and r A = { r  -  A) 
where A(AX, Ay, Az ) i s  t h e  p o s i t i o n  v e c t o r  o f  t h e  atom.
E x p l i c i t l y ,
r A( i )  f o r  s - t y p e  f u n c t i o n :  Jl+m+n = 0 and ~ e
( i i )  f o r  p - t y p e  f u n c t i o n :  Jl+m+n = 1 and
r A
♦t. ~  (XA’ ZA> '  8
( i i i )  f o r  d - t y p e  f u n c t i o n :  Jl+m+n = 2 and
where
N ( j t ,m ,n ;a )  = ( |  ) 3 / 4  [ (2 J I -1 ) ! !  (2m-l) !>  ( 2 n - l ) !! ]" 1/2 ■ a
{JL+m+n+~)/2
( i v )  f - t y p e  f u n c t i o n :  A+m+n = 3 and
* = ( x 3 V3 z 3 x2 y X2 z V2 x V2 z z 2 x<pf  y A .  * A » * A  y A » 2 x A  2 a * j a  x a > y A  * A » z A  x A >
2 ~a rA
ZA V xA y A ZA * e
The d - o r b i t a l s  as  d e f i n e d  above have s ix -m em be rs ,  f rom t h e s e  s i x  
m u t u a l l y  o r th o g o n a l  f u n c t i o n s  can be d e r i v e d
(3 z 2 -  r ft,  x2 -  y 2 , xft y ft, y ft z ft, zft xft) e
- a  r :
and
2 2 2 _ot r A
(XA + jfA + z*> e
namely ,  a p r o p e r  f ive-membered  d - o r b i t a l  s e t  p l u s  one s - t y p e  o r b i t a l .
S i m i l a r l y  t h e  t e n  membered f - o r b i t a l s  c o n t a i n  t h r e e  p - t y p e  
o r b i t a l s  in  a d d i t i o n  t o  t h e  p r o p e r  seven-member f - o r b i t a l s .
As m en t ioned  e a r l i e r  t h a t  when GTO's a r e  used a l a r g e  number of  
b a s i s  f u n c t i o n s  a r e  n eeded .  As a r e s u l t  f o r  l a r g e  sys tems  t h e  s i z e  of  
t h e  b a s i s  s e t  becomes a p rob lem .  One way around t h i s  problem i s  t o  
use  as  b a s i s  f u n c t i o n ,  f i x e d  l i n e a r  c o m b i n a t i o n s  o f  t h e  p r i m i t i v e  
G auss ian  f u n c t i o n s .  These l i n e a r  c o m b i n a t i o n s ,  c a l l e d  c o n t r a c t i o n s ,  
l e a d  t o  c o n t r a c t e d  Gauss ia n  f u n c t i o n s  ( C G F ) ^ - 5 2 ,
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where L i s  t h e  l e n g t h  of  c o n s t r u c t i o n  and i s  a c o n s t a n t
c o e f f i c i e n t .  By a p r o p e r  c h o ic e  of  t h e  c o n t r a c t i o n  l e n g t h ,
c o n t r a c t i o n  c o e f f i c i e n t s  and t h e  c o n t r a c t i o n  e x p o n e n t s  { p r i m i t i v e
CGFG a u s s i a n ) ,  t h e  f u n c t i o n  <(> can be made t o  assume any f u n c t i o n a l  form
c o n s i s t e n t  w i th  t h e  p r i m i t i v e  f u n c t i o n s  u s e d .  The i d e a  beh ind  t h e  use
of  CGF's i s  t o  choose  in  advance  t h e  c o n t r a c t i o n  l e n g t h  c o n t r a c t i o n
CGFc o e f f i c i e n t s  and e x p o n e n t s  t h a t  f i t  t h e  f u n c t i o n  $ t o  a d e s i r a b l e
CPF
b a s i s  f u n c t i o n .  These  f i t t e d  f u n c t i o n s  } a r e  t h e n  used in
m o l e c u l a r  c a l c u l a t i o n s .  The c o n t r a c t i o n  c o e f f i c i e n t s ,  e t c .  a r e  not  
a l low ed  t o  change in  t h e  c o u r s e  of  an s e l f - c o n s i s t e n t  c a l c u l a t i o n .
The two e l e c t r o n  i n t e g r a l s  f o r  t h e  c o n t r a c t e d  b a s i s  s e t  f u n c t i o n  can 
be e v a l u a t e d  as  sums of  t w o - e l e c t r o n  i n t e g r a l s  o v e r  t h e  p r i m i t i v e  
G au s s ia n s  m u l t i p l i e d  by p r o p e r  c o n t r a c t i o n  c o e f f i c i e n t s .
In t h i s  work we have used s i x  d - t y p e  f u n c t i o n s  and t e n  f - t y p e  
f u n c t i o n s  f o r  bo th  a tom ic  and m o le c u la r  c a l c u l a t i o n s .  C o n t r a c t e d  
f u n c t i o n s  a r e  used on ly  f o r  c a l c u l a t i o n s  i n v o l v i n y  t r a n s i t i o n  metal  
e l e m e n t s .
CHAPTER IV
ELECTRONIC STRUCTURE OF FIRST ROM DIATOMIC MOLECULES
In t h i s  s e c t i o n  we p r e s e n t  our  r e s u l t s  f o r  some f i r s t - r o w  
d i a t o m i c  m o le c u le s  and compare them w i th  e x p e r i m e n t a l  r e s u l t s  and 
t h o s e  o f  o t h e r  c a l c u l a t i o n s .
T h i s  c a l c u l a t i o n  employed t h e  f o l l o w i n g  b a s i s  s e t s :
( a )  f o r  h y d r o g e n ,  t h e  10s f u n c t i o n s  o f  van D u i j n e v e l t 51 
s u p p le m e n te d  by Ip t y p e  G a u s s i a n  w i th  e x p e r i m e n t  1 . 0 ;
(b)  f o r  l i t h i u m ,  t h e  11s and 6p s e t  o f  R e f .  S I ,  s u p p le m e n te d  by 
3p f u n c t i o n s  w i th  e x p o n e n t s  a c c o r d i n g  t o  B i n k l e y ,  e t  a l
( c )  f o r  b o r o n ,  c a r b o n ,  n i t r o g e n ,  and oxygen ,  t h e  11s and 6p s e t  
o f  R e f .  51 su p p le m e n te d  by a s i n g l e  d - f u n c t i o n  o f  expone n t  
1 .0 ;
(d )  f o r  f l u o r i n e ,  t h e  u n c o n t a i n e d  6-21G b a s i s  o f  B i n k l e y ,  Popul 
and H e h r e , ^  supp lem en ted  by two d - f u n c t i o n s  o f  e x p o n e n t s  
1 .0  and 0 . 2 0 .  The b a s i s  s e t  o f  R e f .  51 f o r  f l u o r i n e  does  
no t  a p p e a r  t o  be a good s e t  f o r  l o c a l  d e n s i t y  f u n c t i o n a l  
m o l e c u l a r  c a l c u l a t i o n s .  We d i d  n o t ,  however ,  make any 
a t t e m p t  t o  o p t i m i z e  any of  t h e  b a s i s  s e t s  m e n t i o n e d .
No c o n t r a c t i o n s  o f  t h i s  b a s i s  a r e  made. However ,  i n  o r d e r  t o  
d e t e r m i n e  t h e  c o n s eq u e n c e s  of  t h e  use o f  a s m a l l e r  b a s i s ,  we r e p o r t  
f o r  CO and NO t h e  r e s u l t s  o b t a i n e d  w i th  t h e  6-21G ( p l u s  p o l a r i z a t i o n  
f u n c t i o n )  b a s i s  of  R e f .  50.
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A. F i r s t  Row Atoms
The t o t a l  e n e r g y  and t h e  e i g e n v a l u e s  o f  t h e  atoms ( h y d r o y e n ,  
l i t h i u m ,  b o r o n ,  c a r b o n ,  n i t r o g e n ,  oxygen ,  and f l u o r i n e )  i n c l u d e d  in  
t h e  m o l e c u l e s  c o n s i d e r e d  a r e  g iv en  i n  T a b l e s  I I I  -  IX. The H a r t r e e -  
Fock t o t a l  e n e r g i e s  u s i n g  t h e  same b a s i s  a r e  a l s o  s u p p l i e d .
The a to m ic  c a l c u l a t i o n s  a r e  done w i th  t h e  a s s u m p t io n  t h a t  " th e  
atom i s  s p h e r i c a l l y  s y m m e t r i c . "  Uf t h e  atoms c o n s i d e r e d ,  H, L i ,  and N 
ha s  d o u b l e t ,  s i n g l e t ,  and q u a r t e t  ground s t a t e s  r e s p e c t i v e l y ,  and s o ,  
has no p a r t i a l l y  f i l l e d  d e g e n e r a t e  l e v e l s .  Th i s  i s  n o t  t r u e  f o r  t h e  
o t h e r  a toms:
( a )  Boron has  d o u b l e t  ground s t a t e  and so  i t  has  one e l e c t r o n  in  
t h e  t r i p l y  d e g e n e r a t e  2p ( u p s p i n )  l e v e l s .
(b )  Carbon has  t r i p l e t  ground s t a t e  and a s  a r e s u l t  has  two 
e l e c t r o n s  in  t h e  t r i p l y  d e g e n e r a t e  2p ( u p s p i n )  l e v e l s .
( c )  Oxygen has t r i p l e t  ground s t a t e  and has  one e l e c t r o n  i n  t h e  
t h r e e f o l d  d e g e n e r a t e  2p (downsp in )  l e v e l s .
(d)  F l u o r i n e  has  d o u b l e t  ground s t a t e  and has  two e l e c t r o n s  in  
t h e  t h r e e f o l d  d e g e n e r a t e  2p (downspin)  l e v e l s .
Tne p a r t i a l l y  o c c u p ie d  d e g e n e r a t e  l e v e l s  i n  t h e  d i f f e r e n t  a toms were 
e q u a l l y  p o p u l a t e d  by p l a c i n g  f r a c t i o n a l  e l e c t r o n s  i n  each  o f  t h e  
unoccup ied  d e g e n e r a t e  s t a t e s .  F r a c t i o n a l  occupancy  i s  a l l o w e d  i n  
d e n s i t y  f u n c t i o n a l  th eory 5̂ ,  and f 0 r  t h i s  c a l c u l a t i o n ,  e qua l  oc cupancy  
of p a r t i a l l y  f i l l e d  d e y e n e r a t e  l e v e l s  was n e c e s s a r y  t o  r e t a i n  t h e  
s p h e r i c a l  symmetry of  t h e  atom.
TABLE I I I
Ground s t a t e  e ig e n v a lu e s  of  Hydrogen Atom ( d o u b le t )
Total  energy (LSD): -0 .49638  a . u .
T o t a l  e n e rg y  (HF):  - 0 . 5  a . i i .
Energy ( a . u . )
O r b i t a l
Up Spin Down Spin
I s - 0 .2 8 6 6 9 - 0 . 0 9 3 3 5
2s 0 .0 6129 0 .1 2465
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TABLE IV
Ground s t a t e  e i g e n v a l u e s  o f  Lithium Atom ( d o u b l e t )  
Tota l  ene rgy  (LSD): -7 .3 9 2 5 4  a . u .
To ta l  ene rgy  (HF): -7 .4 3 2 6 4  a . u .
O r b i t a l
Energy ( a . u . )
Up Spin Down Spin
I s - 1 .88898 -1 .8 8 1 2 5
2s - 0 .13190 -0 .08083
2p 0.03331 0.06317
TABLE V
Ground s t a t e  e igenva lue s  of  Boron Atom (doub le t )
Total  energy (LSD): 24.435 a . u .
Tota l  ene rgy  (HF): -2 4 .5 2 8 7 3  a . u .
O r b i t a l
Energy ( a . u . )
Up Spin Down Spin
I s -6 .57646 -6 .5 6 4 3 0
2s -0 .37591 -0 .3 3 6 2 2




Ground s t a t e  e i g e n v a l u e s  o f  Carbon Atom ( t r i p l e t )  
T o ta l  ene rgy  (LSD): -37 .56537  a . u .
T o ta l  Energy (HF): -3 7 .6 8 8 0 2  a . u .
O r b i t a l
Energy ( a . u . )
Up Spin Down Spin
I s -9 .95373 -9 .91975
2s -0 .54605 - 0 .45312
2p(3) - 0 .2 4227 - 0 .15653
3s -0 .15656 - 0 .1 9 6 2 2
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TABLE VII
Ground s t a t e  e i g e n v a l u e s  o f  Nitrogen Atom ( q u a r t e t )  
T o ta l  ene rgy (LSD): -54 .14422  a . u .
T o ta l  energy (HF): -5 4 .3 9 9 9 0  a . u .
O r b i t a l
Energy ( a . u . )
Up Spin Down Spin
I s -14 .00741 -1 3 .9 4 3 2 6
2s - 0 .7 3 4 1 9 -0 .5 7 7 8 0
2 p (3 ) -0 .32235 - 0 .1 7 5 7 2
3s 0.25217 0 .31949
TABLE VIII
Ground s t a t e  e igenva lues  of Oxygen Atom ( t r i p l e t )
Total  energy (LSD): -74.64956 a . u .
T ota l  e ne rgy  (HF): -7 4 .8 0 7 6 2  a . u .
O r b i t a l
Energy ( a . u . )
Up Spin Down Spin
I s -18 .7 7559 -18 .72340
2s - .9 2 6 3 1 - .8 1 6 2 6
2p(3 ) - .39211 - .2 8 6 6 4
3s 0.34102 0.38043
TABLE IX
Ground s t a t e  e i g e n v a lu e s  of  Fluorine Atom (d o u b le t )
Total  energy (LSD): -99 .13889 a . u .
T o t a l  e n e rg y  (HF): - 9 9 .2 3 0 3 4  a . u .
O r b i t a l
Energy ( a . u . )
Up Spin Down Spin
I s -2 4 .1 2 4 1 3 - 2 4 .0 9 4 8 0
2s - 1 0 .5 2 7 9 5 - 9 .9 5 6 9 6
2 p ( 3 ) - 0 .3 7 1 9 1 - 0 .3 1 4 7 8
3s 0 .15885 0 .16356
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I t  can be seen  (from t h e  t a b l e s )  t h a t  t h e  d e n s i t y  f u n c t i o n a l  
t o t a l  e n e r g i e s  a r e  h i g h e r  t h a n  t h e  H a r t r e e  Fock t o t a l  e n e r g y .  That  
t h e  t o t a l  e n e r g i e s  a r e  h i g h e r  than  HF i s  p r o b a b ly  a r e s u l t  o f  t h e  s e l f  
i n t e r a c t i o n  c o n t r i b u t i o n  i n c l u d e d  in  t h e  LSD f u n c t i o n a l  r e s u l t s .
Perdew and Zunger^^ have p roposed  a scheme f o r  s e l f  i n t e r a c t i o n  
c o r r e c t i o n  ( S IC ) .  But t h e  m ajo r  d i f f i c u l t i e s  w i th  t h i s  fo rm a l i sm  a r e :  
(1)  t h e  c o r r e c t e d  p o t e n t i a l  becomes o r b i t a l  d e p e n d e n t  and so t h e  
i n d i v i d u a l  o r b i t a l s  a r e  no l o n g e r  o r t h o g o n a l ,  (2)  t h e s e  nono r thoyona l  
o r b i t a l s  can b reak  t h e  symmetry o f  t h e  sys tem  as  t h e  H a m i l to n i a n  w i l l  
not  b e ' i n v a r i a n t  under  u n i t a r y  t r a n s f o r m a t i o n .
F u r t n e r  t h e  o r b i t a l  dependen t  p o t e n t i a l s  a r e  c o m p u t a t i o n a l l y  
d i f f i c u l t  t o  im p lem en t .  In t h i s  c a l c u l a t i o n ,  no s e l f  i n t e r a c t i o n  
c o r r e c t i o n  i s  made.
F i n a l l y ,  i t  must  be remembered t h a t  t h e  e i g e n v a l u e s  do no t  
r e p r e s e n t  t h e  i o n i z a t i o n  e n e r g i e s  of  t h e  o r b i t a l  e l e c t r o n s ,  as i t  does 
in H a r t r e e  Fock t h e o r y .  These e i g e n v a l u e s  g i v e s  t h e  o r d e r  in  which 
t h e  o r b i t a l s  a r e  occup ied  which goes s t r i c t l y  in  a c c o r d a n c e  w i th  
Fer in i -D ir ac  s t a t i s t i c s .
B. H e t e r o n u c l e a r  d i a t o m i c  m o le c u le s
Tab les  X, XI, and XII c o n t a i n s  t h e  t o t a l  e n e r g y ,  e q u i l i b r i u m  
i n t e r n u c l e a r  d i s t a n c e  and t h e  e i g e n v a l u e s  f o r  LiH, CO and NO 
r e s p e c t  i v e l y .
Tne NU m olecu le  which has  d o u b l e t  ground s t a t e ,  has one e l e c t r o n  
m  the  doubly d e g e n e r a t e  up sp in  n  o r b i t a l .  These two d e g e n e r a t e
TABLE X
Ground s t a t e  e igenva lue s  of  Li H Molecule ( s i n g l e t )
Tota l  energy:  -7 .9680324 a . u .
E q u i l i b r i u m  s e p a r a t i o n :  3 .0  a . u .
Energy ( a . u . )
O r b i t a l Up Spin O r b i t a l Down Spin
l a -1 .8 4 9 5 2 l a -1 .8 4 9 5 1
2a -0 .17152 2 a -0 .1 7 1 5 2
3a -0 .06487 3 a - 0 .0 6 4 8 7
M 2 ) 0.02603 l u ( 2 ) 0 .02603
4a 0.03571 4 a 0.03571
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TABLE XI
Ground s t a t e  e i g e n v a l u e s  o f  CO Molecule  ( s i n g l e t )  
T o ta l  ene rgy :  - 1 12 .62409  a . u .
E q u i l i b r i u m  s e p a r a t i o n :  2 ,1 4  a . u .
Energy ( a . u . )
O r b i t a l Up Spin O r b i t a l Down Spin
lcr -18.70176 l a -18.70176
2a -9.89614 2a -9.89614
3a -1.09906 3a -1 .09906
4a -0.54177 4a -0.51477
M 2 ) -0.46109 M 2 ) -0.46109
5a -0.35426 5a -0.35426
2*(2) -0.99317 2n(2) -0.99317
6a 0.09309 6a 0.09309
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TABLE XII
Ground s t a t e  e i g e n v a l u e s  o f  NO Molecule  ( d o u b l e t )  
T o ta l  ene rgy :  - 1 29 .13890  a . u .
E q u i l i b r i u m  s e p a r a t i o n :  2 .18  a . u .
Energy ( a . u . )
O r b i t a l  Up Spin
lcr -1 8 .7 3 4 2 8
2d -13 .98460
3d - 1 .18192
4d -0 .63823
1*<2) - 0 .4 9 8 8 4
5d -0 .45821
Zn( Z) - 0 .18396
6 d 0 .14693
O r b i t a l  Down Spin
I d -1 8 .7 2 4 0 6
2d -1 3 .9 6 8 7 5
3d -1 .16277
4 d -0 .61211
l u ( 2 ) - 0 .47154
5d - 0 .4 3 3 8 9
2u(2) - 0 .1 4 6 9 3
6a 0.15447
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o r b i t a l s  were e q u a l l y  p o p u l a t e d  by p l a c i n y  h a l f  an e l e c t r o n  in  each of  
t h e  d e g e n e r a t e  s t a t e s .  Th i s  was n e c e s s a r y  f o r  r e t a i n i n g  t h e
c y l i n d r i c a l  symmetry of  t h e  m o le c u le ,  on which t h e  num er ica l
c a l c u l a t i o n  o f  t h e  Vxc m a t r i x  e le m en ts  a r e  b a s e d .  I t  has been 
obse rved  in  our  c a l c u l a t i o n  t h a t  i f  in  t h e  c a se  o f  p a r t i a l l y  occup ied  
d e g e n e r a t e  l e v e l s ,  equal  ( o r  f r a c t i o n a l )  occupancy  of  s t a t e s  i s  not  
e n f o r c e d ,  t h e  i t e r a t i v e  p r o c e d u r e  does no t  l e a d  t o  c o nve rgence  bu t  
goes i n t o  o s c i l l a t i o n s  between t h e  d i f f e r e n t  d e y e n e r a t e  s t a t e s .
Our r e s u l t s  a r e  compared below wi th  e x p e r i m e n t s  and w i th  o t h e r  
c a l c u l a t i o n s .  T a b le s  X I I I ,  XIV, and XV c o n t a i n s  r e s u l t s  f o r  t h e  
e q u i l i b r i u m  s e p a r a t i o n ,  b i n d in g  e n e r g y ,  v i b r a t i o n a l  f r e q u e n c y  and 
d i p o l e  moment f o r  LiH, CO and NO r e s p e c t i v e l y .
Baerends and Ros^ have de te rm in e d  t h e  ground s t a t e  p r o p e r t i e s  o f  
t h e s e  m o le c u le s  w i th  Hedin and L undqu i s t  (HL)  ̂form o f  LSD p o t e n t i a l
and w i th  Xa p o t e n t i a l .  In t h e  t a b l e s  Xa (DVM) and LSD (DVM) a r e
c a l c u l a t i o n s  o f  r e f .  5 ,  r e s u l t s  a r e  given  f o r  HF c a l c u l a t i o n s  as 
quo ted  in  r e f .  5 .  An a d d i t i o n a l  Xa c a l c u l a t i o n  of  Dunlap ,  Conno l ly  
and Sabin Xa (DCS),*2 p r o v i d e s  a n o t h e r  c o m pa r i son .
The c a l c u l a t i o n  c l o s e s t  t o  ours  f o r  h e t e r o n u c l e a r  m o le c u le s  a r e  
t h o s e  of  Baerends and Ros,  t h e y  have e v a l u a t e d  ground s t a t e  p r o p e r t i e s  
of  t h e s e  m o le c u le s  in  a s i m i l a r  l o c a l  s p i n  d e n s i t y  a p p r o x i m a t i o n .
There  a r e  t h r e e  main p o i n t s  o f  d i f f e r e n c e  between t h e  p r e s e n t  work and 
t h a t  o f  Baerends and Ros.
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TABLE XIII  
Ground S t a t e  P r o p e r t i e s  o f  LiH
r e ( a . u . ) De (eV) til (cm"1 ) P (Debye)
This  work 3 .0 2 .2 1400 5 .60
Exper im en t3 3 .02 2 .5 1406 5 .8 8
HFa 3 .03 1.5 1433 6 .02
xa (DVM) a 3 .15 1.4 1328 5.46
LSD (DVM) a 3 .18 2.4 1360 5 .63
a R e f . 5
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TABLE XIV
Ground S t a t e  P r o p e r t i e s  of  CO
r e ( a . u . ) De (eV) at (cm” *) p. (Debye)
T h i s  work 2 .1 4 11.13 2195 - 0 .1 2 7
E x p e r im e n t3 2 .1 3 11 .2 2170 - 0 . 1 2
HF3 2 .0 8 7 .9 2431 0 .2 7
xa (DVM)3 '2.15 1 1 .5 2300 - 0 . 2 5
xa (DCS)b 2 .1 3 11 .98 2160 - 0 . 2 4
LSD (DVM)3 2 .17 1 2 .8 2299 - 0 . 1 9
P r e s e n t ,  6-21G 2 .1 6 11 .5 2230 - 0 . 1 1
a R e f .  5  
bR e f .  12
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TABLE XV
Ground S t a t e  P r o p e r t i e s  of  NO
r e ( a . u . ) Ue (eV) to (cm- *) p (Debye)
This  work 2 .1 8 6 .67 1994 -0 .1 8 1
E x p e r im en t3 2 .17 6 .6 1904 - 0 . 1 7
HF3 2 .8 1731 - 0 . 2 8
Xa (DVM)3 2 .23 6 .5 1890 - 0 . 2 0
LSD (DVM)3 2 .24 8 .4 2012 - 0 . 1 7
P r e s e n t ,  6-21G 2 .1 8 7 .23 1980 - 0 .1 5 1
a Ref.  5
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(1)  We use  an u n c o n t r a c t e d  G a u s s ia n  o r b i t a l  b a s i s  whereas  t h e y  
u s e  a S l a t e r  o r b i t a l  b a s i s .
(2 )  We use  a s l i g h t l y  d i f f e r e n t  exchange  c o r r e l a t i o n  p o t e n t i a l ,  
t h a t  o f  R a j a g o p a l ,  S i n g h a l ,  and Kimbal l  i n s t e a d  o f  t h a t  
p r o p o se d  by Hedin and L u n d q u i s t  which was used  i n  r e f .  5 .
(3 )  We e v a l u a t e  a l l  i n t e g r a l s  e x c e p t  t h o s e  i n v o l v i n g  t h e  
e xc hanye  c o r r e l a t i o n  p o t e n t i a l  a n a l y t i c a l l y .  Those 
i n v o l v i n g  Vxc a r e  e v a l u a t e d  n u m e r i c a l l y  on t h e  g r i d  
m en t io n e d  a b o v e ,  whereas  B ae rends  and Ros u s e  t h e  d i s c r e t e  
v a r i a t i o n a l  method (DVM) o f  E l l i s  and P a in te r .**
These  d i f f e r e n c e s  do n o t  a p p e a r  t o  be m a jo r  bu t  t h e  r e s u l t s  
o b t a i n e d  h e r e  do d i f f e r  f a i r l y  s i y n i f i c a n t l y  from t h o s e  o f  Baerends  
and Ros,  and in  most o f  t h e  i n s t a n c e s  e x a m in ed ,  t h e  d i f f e r e n c e  i s  in 
t h e  d i r e c t i o n  o f  improved ag re e m e n t  w i th  e x p e r i m e n t .
The LSD (DVM) c a l c u l a t i o n s  show a s i g n i f i c a n t  o v e r b i n d i n g  f o r  CO 
and NO, bu t  t h e  p r e s e n t  work do no t  i n d i c a t e  such o v e r b i n d i n g .  The 
l o c a l  s p i n  d e n s i t y  r e s u l t s  a r e  i n  most  c a s e s  s u p e r i o r  t o  t h o s e  
o b t a i n e d  u s i n g  s i m i l a r  p o t e n t i a l s  w i th  DVM m ethod .  The DVM 
c a l c u l a t i o n  o f  r e f .  5 employed t h e  '‘n o m in a l 1' S l a t e r  o r b i t a l  b a s i s  o f  
Bague e t  _al_.5 ** p l u s  p o l a r i z a t i o n  f u n c t i o n s ,  whereas  we have used a 
l a r g e  u n c o n t r a c t e d  G a u s s i a n  o r b i t a l  b a s i s  a s  d e s c r i b e d  p r e v i o u s l y .
The d i f f e r e n c e s  between t h e  p r e s e n t  r e s u l t s  and t h o s e  o f  r e f .  5 must  
be a t t r i b u t e d  t o  a c o m b in a t io n  o f  e f f e c t s  o f  d i f f e r e n t  b a s i s  s i z e  and
TABLE XVI 
Survey of  D i f f e r e n t  C a l c u l a t i o n s
LiH CO NO
C l o s e s t
2nd
C l o s e s t C l o s e s t
2nd
C l o s e s t C l o s e s t
2nd
C l o s e s t
Are HF This  work xa  (DCS) This  work This  work xa  (DVM)
( a . u . ) 0.01 - 0 .0 2 0 .0 0.01 0 .01 0 .06
ADe LSD (DVM) This  work This  work Xa (DVM) This  work Xa (DVM)
(eV) 0.01 0 .0 3 0.07 0 .30 0.07 0 .10
Act)
(cm"1 )
This  work HF Xa (DCS) T h is  work Xa  (DVM) This  work
- 6 . 0 27 .0 - 1 0 ,0 25 .0 - 1 4 . 0 9 0 .0
An LSD (DVM) This  work This  work LSD (DVM) • LSD (DVM) This  work
(De ) 0.25 0 .28 0.007 0.07 0 .0 0.011
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improvements  i n t r o d u c e d  h e r e  i n  t h e  n u m er i ca l  a c c u r a c y  w i t h  which 
m a t r i x  e l e m e n t s  a r e  e v a l u a t e d .  I t  w i l l  be n o t e d  by i n s p e c t i o n  o f  t h e  
l a s t  row i n  T a b l e s  XIV and XV, t h a t  when we employ t h e  s m a l l e r  6-21G 
( p l u s  p o l a r i z a t i o n )  b a s i s ,  some o v e r b i n d i n g  i s  found f o r  bo th  CO and 
NO, bu t  no t  so much as  in  r e f .  5 .
I t  s h o u ld  a l s o  be no ted  t h a t  HF v a l u e s  f o r  t h e  d i p o l e  moments o f
CO and NO have t h e  wrong s i g n s ,  whereas  t h o s e  o b t a i n e d  h e r e  a r e  i n  
r a t h e r  good ag reem en t  w i th  e x p e r i m e n t .  The p r e s e n t  r e s u l t s  f o r  t h e  
d i p o l e  moment a r e  a l s o  an improvement  o v e r  t h e  Xa v a l u e s ,  bu t  no t  so 
d r a m a t i c  as  in  com par i son  w i t h  H a r t r e e  Fock .
T a b le  XVI g i v e s  a s u rv e y  o f  two c a l c u l a t i o n s  f o r  which t h e
e s t i m a t e d  v a l u e s  o f  r Q, DQ, w,  and a  a r e  t h e  c l o s e s t ,  and n e x t  c l o s e s t
c  c
t o  t h e  e x p e r i m e n t a l  v a l u e .  In t h e  t a b l e ,  Ar_,  ADa , Au, and Ap d e n o te s  
t h e  d e v i a t i o n  o f  t h e  c a l c u l a t e d  v a l u e s  f rom t h e  e x p e r i m e n t a l  v a l u e .
The n e g a t i v e  s i g n  i n d i c a t e s  t h a t  t h e  c a l c u l a t e d  v a l u e  i s  s m a l l e r  t h a n  
t h e  e x p e r i m e n t a l  v a l u e  by an amount s p e c i f i e d  by t h e  number .
I t  can be seen  from t h e  t a b l e s  t h a t  t h e  o v e r a l l  a g re e m e n t  between
t h e  p r e s e n t  r e s u l t s  and t h e  e x p e r i m e n t a l  ones  i s  v e ry  good f o r  a l l  t h e
p r o p e r t i e s  c o n s i d e r e d  and i s  b e t t e r  i n  many i n s t a n c e s  f rom t h o s e  
d e t e r m i n e d  in  Xa, HF and LSI) (DVM) c a l c u l a t i o n s .  T h i s  a p p l i e s  in
p a r t i c u l a r  t o  t h e  com par i son  w i th  t h e  Xa and LSD (DVM) b i n d i n g
e n e r g i e s .  We do no t  f i n d  s i g n i f i c a n t  o v e r b i n d i n g  f o r  e i t h e r  NO o r  CO.
(Jf t h e  m o le c u le s  c o n s i d e r e d  h e r e ,  on ly  NO has  a yround s t a t e  
which i s  no t  a s i n y l e t .  We show i n  F i g .  1 a c o n t o u r  p l o t  o f  t h e
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Fig u re  1. Contour  p l o t  o f  t h e  t o t a l  e n e rg y  c h a rg e  d e n s i t y  o f  NO.
The o u t e r  c o n t o u r  c o r r e s p o n d s  t o  a c h a rg e  d e n s i t y  0.01
(a Q)~ and t h e  i n c r e a s e  as  one goes i n s i d e  i s  a b o u t  a 
f a c t o r  o f  2 f o r  each  c o n t o u r .
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F i g u r e  2.  Con tour  p l o t  o f  t h e  n e t  s p i n  d e n s i t y  d i s t r i b u t i o n  
o f  NO.^ S o l i d  l i n e s  i n d i c a t e  m a j o r i t y  o f  s p i n  
p r e d o m i n a n c e ,  d a s h e d  l i n e s  m i n o r i t y  s p i n .
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c h a rg e  d e n s i t y  and in  F i g .  2 a s i m i l a r  p l o t  o f  t h e  n e t  sp in  d e n s i t y .  
There i s  a small  m i n o r i t y  sp in  e x c e s s  i n  t h e  e x t e r i o r  o f  t h e  m o l e c u l e ,  
bo th  a lo n g  and n e a r l y  p e r p e n d i c u l a r  t o  t h e  i n t e r n u c l e a r  a x i s ,  and 
a n o t h e r  small  r e g i o n  j u s t  on the  oxygen s i d e  o f  t h e  m i d p o i n t .
Al though i t  i s  t h e  unba la nc e d  s p in  o f  t h e  n e l e c t r o n s  which p roduces
t h e  s p i n  d e n s i t y ,  t h e r e  i s  an induced  p o l a r i z a t i o n  o f  t h e  a
e l e c t r o n s  which have a n o n - z e r o  s p i n  d e n s i t y  a t  t h e  n u c l e i .  We f i n d  
t h a t  t h e  sp in  d e n s i t y  a t  t h e  n i t r o g e n  n u c le u s  has t h e  v a lu e  0 .0049  
a . u . ,  and a t  t h e  oxygen n u c le u s  - 0 . 0 0 2 8 .  The minus s ig n  i n d i c a t e s  
t h a t  t h e  n e t  s p in  d e n s i t y  a t  t h a t  p o i n t  i s  o p p o s i t e l y  d i r e c t e d  t o  t h a t  
of  t h e  m a j o r i t y  o f  t h e  e l e c t r o n s .
C. Dimers
T a b l e s  XVII -  XX c o n t a i n s  t h e  ground s t a t e  t o t a l  e n e r g y ,
e q u i l i b r i u m  i n t e r n u c l e a r  d i s t a n c e  and t h e  e i g e n v a l u e s  f o r  B2 , N2 , 02 ,
and F2 , r e s p e c t i v e l y .  Of t h e s e  m o le c u le s  B2 and 02 have p a r t i a l l y  
occup ied  d e g e n e r a t e  l e v e l s .  The p a r t i a l l y  f i l l e d  d e g e n e r a t e  l e v e l s  
were e q u a l l y  p o p u l a t e d  by t h e  method d i s c u s s e d  p r e v i o u s l y .
T a b l e s  XXI -  XXIV c o n t a i n s  our  r e s u l t s  f o r  t h e  s p e c t r o s c o p i c  
c o n s t a n t s  f o r  B2 , N2 , 02 , and F2 , r e s p e c t i v e l y .  R e s u l t s  a r e  g iv en  f o r  
HF c a l c u l a t i o n s  as  quo ted  in  r e f .  5 .  The 6L,  VMN and Xa c a l c u l a t i o n s  
a r e  of  P a i n t e r  and A v e r i l l , ®  Xa (DCS) c a l c u l a t i o n s  a r e  of  Dunlop,  
Connol ly  and S a b i n . ^ ^  and LSD (DVM) c a l c u l a t i o n s  a r e  o f  Baerends  and 
R o s .5
TABLE XVII
Ground s t a t e  e ig en v a lu e s  of  B2 Molecule ( t r i p l e t )
Tota l  energy :  -48 .95625 a . u .
E q u i l i b r i u m  s e p a r a t i o n :  3 .0 6  a . u .
Energy ( a . u . )
O r b i t a l Up Spin O r b i t a l Down Spin
la g
- 6 . 5 2 5 9 2 to01
i—i - 6 . 5 1 4 7 3
l 0 u - 6 .5 2 5 3 6 - 6 .5 1 3 1 7
2og
- 0 . 5 1 6 6 2 - 0 .4 6 7 8 1
20u - 0 .2 9 4 1 6 2ou - 0 .2 6 0 4 3
lrtu - 0 .2 3 7 2 1 3 °g
- 0 . 1 9 6 7 6
3 °g
- 0 . 2 2 0 5 3 l iru - 0 .1 8 6 6 7
• lirg -0 .0 7 4 7 1 lu g
- 0 . 2 9 6 9 1
3au - 0 .0 7 1 6 1 3ou 0 .08002
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TABLE XVIII
Ground s t a t e  e i g e n v a l u e s  o f  N2 M ole cu le  ( s i n g l e t )  
T o ta l  e n e r g y :  -1 0 8 .8 4 9 3 3  a . u .
E q u i l i b r i u m  s e p a r a t i o n :  2 .0 9  a . u .
Energy ( a . u . )
O r b i t a l Up Spin O r b i t a l Down Spin
l o g
-1 3 .9 4 9 8 9
H
- 1 3 .9 4 9 8 9
H - 1 3 .9 4 8 5 8 - 1 3 .9 4 8 5 8
2og
- 1 . 0 5 9 1 7
2 *g
- 1 . 0 5 9 2 0
ro - 0 . 5 1 2 6 2 - 0 .5 1 2 6 2
1 ^ ( 2 ) -0 .4 5 1 0 5 l *u (2 ) - 0 . 4 5 1 0 5
3o9
- 0 . 4 0 1 1 6
3°9
- 0 . 4 0 1 1 6
l - 9 (2 ) -0 .0 9 9 2 4 l "g (2 ) - 0 . 0 9 9 2 4
3ou 0 .18369 3°u 0 .18369
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TABLE XIX
Ground s t a t e  e i g e n v a l u e s  o f  Og M olecu le  ( t r i p l e t )  
T o t a l  e n e r g y :  -1 4 9 .4 9 2 5 1  a . u .
E q u i l i b r i u m  s e p a r a t i o n :  2 . 2 5  a . u .
Energy (a . u . )
O r b i t a l Up Spin O r b i t a l Down Spin
1(Jg
- 1 8 .7 4 5 7 1
1(Jg
- 1 8 .7 1 6 3 0
l o u - 1 8 .7 4 5 6 0 l o u - 1 8 .7 1 6 2 0
2ag
-1 .2 4 8 3 7
2o9
- 1 .2 0 3 0 1
2au - 0 .7 5 6 5 9 2 «u -0 .6 9 6 1 6
3ag
-0 .5 2 8 5 4 - 0 . 4 8 6 8 8
- 0 .5 2 3 7 0 1 ^ ( 2 ) - 0 .4 6 1 6 0
XV 2 > - 0 . 2 6 0 2 9 llCg(2) - 0 .1 8 6 9 5
-0 .1 1 3 2 7 3 a u 0 .14696
TABLE XX
Ground s t a t e  e ig e n v a lu e s  of  F2 Molecule ( s i n g l e t )
Total  energy:  -198 .33350 a . u .
E q u i l i b r i u m  s e p a r a t i o n :  2 .4 7  a . u .
Energy ( a . u . )
O r b i t a l Up Spin O r b i t a l Down Spin
l a 9
- 2 4 .1 7 4 4 4
l o g
- 2 4 .1 7 4 4 4
H - 2 4 .1 7 4 4 4 l a u - 2 4 .1 7 4 4 4
2crg
- 1 . 3 0 6 5 2og - 1 . 3 0 6 5
2au - 0 . 9 7 6 9 2 a u - 0 .9 7 6 9
3ag
- 0 . 5 9 3 0 2 H - 0 . 5 9 3 0 2
lTtu -0 .4 8 8 4 1 1 \ ( 2 ) - 0 .4 8 8 4 1
lu g -0 .3 2 3 7 9 l " g t 2 ) - 0 .3 2 3 7 9
3au - 0 .1 4 5 5 7 H - 0 . 1 4 5 5 7




Ground S t a t e  P r o p e r t i e s  of  B2
r e ( a . u . ) De (eV) d {cm"*)
T h is  work 3 .06 2 .35 982
Experiment 3 .0 4 2 .9 1051
HFb
GLa 3 .0 2 4 .04 1075
VWNa 3 .03 3 .93 1082
X a 
a 3 .03 3 .79 1078
Xa (DCS)b 3 .0 4 3 .9 1050
aR e f .  9 
bR e f .  12
6 6
TABLE XXII
Ground S t a t e  P r o p e r t i e s  o f  N2
r e ( a . u . )  De (eV) a  (cm- 1 )
T h i s  work 2 .0 9 9 .82 2225
Exper im en t 2 .07 9 .91 2358
HFC 2.01 5 .3 2730
GLa 2 .08 11.33 2249
VWNa 2 .0 8 11 .34 2387
LSD {DVM)C 2 .0 8 9 .09 2429
X a a 2 .15 11.1 2485
X (DCS )b 2 ,07 9 .2 3 2370
aRef.  9
bRef.  12
cR e f . 5
TABLE XXIII
Ground S t a t e  P r o p e r t i e s  of  Og
r e ( a . u . ) De <eV> u  (cm- 1 )
Th is  work 2 .2 5 5 .26 1680
Exper im ent 2 .28 5 .2 1580
HFC 2 .1 8 1.4 2000
GLa 2 .30 7 .66 1573
VWNa 2.31 7 .54 1563
LSD (DVM)C 2.37 7 .5 1429
X aa 2 .2 8 7.01 1610
Xa (DCS )b 2 .2 8 7.01 1610
aRef.  9
bRef.  12'
cR ef . 5
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TABLE XXIV
Ground S t a t e  P r o p e r t i e s  of  F2
Ye ( a . u . ) De ( eV> to (cm- *)
Th is  work 2.47 1.52 1194
Exper iment 2 .6 8 1 .68 892
HFC 2.51 - 1 . 6 1257
GLa 2 .63 3 .4 1084
VWNa 2 .62 3 .32 1075
LSD (DVM)C 2.67 3 .4 1132
X a 
a 2 .64 3 .04 1069





I t  can be seen  from t h e  t a b l e s  t h a t  t h e  o v e r a l l  agreement  between 
t h e  p r e s e n t  r e s u l t s  and t h e  e x p e r im e n ta l  v a l u e s  i s  v e ry  good f o r  a l l  
p r o p e r t i e s  c o n s i d e r e d ,  in  p a r t i c u l a r  t h e  b i n d in y  ene rgy  i s  s u p e r i o r  
t h a n  t h o s e  d e t e r m i n e d  by o t h e r  a u t h o r s 5 , 9 *1 2 . We do no t  f i n d  
o v e r b i n d i n g .
The c a l c u l a t i o n s  c l o s e s t  t o  ou r  a r e  t h o s e  o f  P a i n t e r  and 
A v e r i l l 9 . The method used by t h e s e  a u t h o r s  i s  n e a r l y  e q u i v a l e n t  t o  
our  method and t h e y  r e p o r t e d  c a l c u l a t i o n s  f o r  d im ers  o f  t h e  f i r s t  row 
e le m e n t s  u s in g  t h r e e  d i f f e r e n t  exchange c o r r e l a t i o n  p o t e n t i a l s :
Xa , GL1^ and VWN.^ There  a r e  on ly  s l i g h t  d i f f e r e n c e s  between  t h e  
p r e s e n t  work and t h a t  o f  P a i n t e r  and A v e r i l l :
(1)  We used a s l i g h t l y  d i f f e r e n t  exchange  c o r r e l a t i o n  p o t e n t i a l ,  
t h a t  o f  R a j a g o p a l ,  S ingha l  and K im ba l l5 i n s t e a d  o f  t h e  
p o t e n t i a l s  given  by Gunnerson and L u n d q u i s t 1^ o r  Vosko, wi lk  
and N u s a i r 1 1 .
(2)  We e v a l u a t e d  i n t e g r a l s  i n v o l v i n g  exchanye  c o r r e l a t i o n  
p o t e n t i a l  on t h e  g r i d  mentioned  above ,  t h i s  numer ica l  
q u a d r a t u r e  i s  d i f f e r e n t  from t h a t  used by P a i n t e r  and 
A v e r i l l .
These d i f f e r e n c e s  a p p e a r  t o  be n e g l i g i b l e  b u t  t h e  b i n d in y  
e n e r g i e s  o b t a i n e d  h e re  do d i f f e r  s i g n i f i c a n t l y  from t h o s e  o f  P a i n t e r  
and A v e r i l l .  I t  can be seen  from t h e  t a b l e s  t h a t  f o r  d im ers  t h e  
o v e r a l l  agreement  i s  s i m i l a r  t o  t h a t  o b t a i n e d  f o r  h e t e r o n u c i e a r
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m o l e c u l e s .  For  Fg ou r  r e s u l t  f o r  e q u i l i b r i u m  i n t e r n u c l e a r  s e p a r a t i o n  
i s  n o t  a good one and i s  most  p r o b a b l y  due  t o  t h e  b a s i s  s e t  u s e d .
I t  a p p e a r s  t h a t  t h e  o v e r b i n d i n g  o b s e r v e d  by P a i n t e r  and A v e r i l l  
may p o s s i b l y  be due t o  i n a c c u r a c y  in  t h e i r  a to m ic  c a l c u l a t i o n s .  T h e i r  
a to m ic  c a l c u l a t i o n s  were c a r r i e d  ou t  w i t h  u n c o n t r a c t e d  b a s i s  s e t s , ^  
bu t  t h e  m o l e c u l a r  c a l c u l a t i o n s  were done a f t e r  c o n t r a c t i n g  t h e  a tom ic  
b a s i s  s e t .  Th i s  wou ld ,  unde r  normal c i r c u m s t a n c e s  l e a d  t o  s m a l l e r  
b i n d in g  e n e r g i e s  i n s t e a d  o f  o v e r  b i n d i n y  t h e  m o l e c u l e s .
Of t h e  m o l e c u l e s  s t u d i e d ,  and O2  have t r i p l e t  g round s t a t e .
For  t h e  boron m o le c u le  we show in  F i g .  3 (A) a t h r e e  d i m e n s io n a l  p l o t  
of  t h e  n e t  s p i n  d e n s i t y  on a p l a n e  t h r o u g h  t h e  i n t e r n u c l e a r  a x i s  o f  
t h e  m o l e c u l e ,  (B) g i v e s  t h e  c o n t o u r  p l o t  o f  t h e  n e t  s p i n  d e n s i t y .
T here  i s  m i n o r i t y  s p in  e x c e s s  a long  t h e  a x i s  o f  t h e  m o le c u le  Th i s  can 
be c l e a r l y  seen  in  F i g .  4 .  (A) ,  i n  which t h e  n e t  s p i n  d e n s i t y  a long  
t h e  a x i s  o f  t h e  m o le c u le  i s  p l o t t e d  and (B ) ,  which shows t h e  n e t  s p in  
d e n s i t y  a lo n g  a d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  m o l e c u l a r  a x i s  and 
p a s s i n g  th r o u g h  one o f  t h e  n u c l e i .  We f i n d  t h e  s p i n  d e n s i t y  a t  t h e  
boron n u c l e u s  has  t h e  v a l u e  - 0 .0 1 2 4 8  a . u .  t h e  minus s i g n  i n d i c a t e s  
t h a t  t h e  n e t  s p in  d e n s i t y  a t  t n e  p o i n t  i s  o p p o s i t e l y  d i r e c t e d  t o  t h e  
m a j o r i t y  o f  t h e  e l e c t r o n s .
In F i g .  5 and 6 we show s i m i l a r  p l o t s  f o r  t h e  oxyyen m o l e c u l e .
The s p in  d e n s i t y  a t  t h e  oxygen n u c l e u s  has  t h e  v a l u e  U.U0834 a . u .
/ / / / / /^
F ig u re  3 (A) .  A t h r e e - d i m e n s i o n a l  p l o t  o f  t h e  n e t  s p i n  d e n s i t y  o f  B2 on a p l a n e  p a s s i n g  
t h ro u g h  t h e  m o l e c u l a r  a x i s .
F i g u re  3 ( B ) .  A c o n t o u r  p l o t  o f  t h e  n e t  s p i n  d e n s i t y  o f  B? on a p l a n e  p a s s i n g  

















F i g u r e  4 { A ) . Net s p i n  d e n s i t y  a lo n g  t h e  a x i s  o f  t h e  B„ 
















r ( a . u . )
F i g u r e  4 ( B ) .  Net s p i n  d e n s i t y  a l o n g  a d i r e c t i o n  p e r p e n d i c u l a r  
t o  t h e  m o l e c u l a r  a x i s  o f  Bp and p a s s i n g  t h r o u g h  
one o f  t h e  n u c l e i .
F i g u r e  5 (A) .  Three  d i m e n s io n a l  p l o t  o f  t h e  n e t  s p i n  d e n s i t y  
o f  0^ on a p l a n e  p a s s i n g  th r o u g h  t h e  m o l e c u l a r
a x i s .
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F i g u re  5 ( B ) .  Con tour  p l o t  o f  t h e  n e t  s p i n  d e n s i t y  o f  02 on a 





F i g u r e  C(A).  Net  s p i n  d e n s i t y  a l o n g  t h e  a x i s  o f  CL 











F i g u r e  6 ( B ) .  Net s p i n  d e n s i t y  a lo n g  a d i r e c t i o n  p e r p e n d i c u l a r  
t o  t h e  m o l e c u l a r  a x i s  o f  02 and p a s s i n g  th ro u g h  
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( t v d ) A j i s u e p  u i d s
CHAPTER V
ELECTRONIC STRUCTURE OF TRANSITION METAL ATOMS
In c o n t r a s t  t o  t h e  s u c c e s s  o f  LD f u n c t i o n a l  t h e o r y  in  e x p l a i n i n g  
t h e  e l e c t r o n i c  s t r u c t u r e  o f  small  a toms and m o l e c u l e s ,  p r e v i o u s  
c a l c u l a t i o n s  on t r a n s i t i o n  meta l  a toms c la im e d  i t s  f a i l u r e  t o  p r e d i c t  
t h e  c o r r e c t  ground s t a t e  c o n f i g u r a t i o n  f o r  a toms w i t h  open 3d s h e l l .
G u e n z b e rg e r  and S a i t o v i t c h  (GS)1^ d e t e r m i n e d  t h e  ground s t a t e  
c o n f i g u r a t i o n  f o r  Fe atom u s i n g  Xa p o t e n t i a l  ( a  = 2 / 3 ) .  They used  t h e
c
DVM m ethod.  The c o n f i g u r a t i o n  f o r  Fe atom r e p o r t e d  by them i s  {3d+)a 
(4S+)1 (3d+)* (4S+)1 . T his  c o n f i g u r a t i o n  p l a c e s  one e l e c t r o n  i n  t h e  
f i v e - f o l d  d e g e n e r a t e  3d+ l e v e l s  which a r e  l o w e r  i n  e n e r g y  t h a n  t h e  
4s+ l e v e l .  T h i s  i s  p h y s i c a l l y  i n c o r r e c t  u nde r  t h e  l o c a l  d e n s i t y  
f u n c t i o n a l  method a c c o r d i n g  t o  which u n o c c u p ie d  l e v e l s  c a n n o t  l i e  
d e e p e r  t h a n  t h e  h i g h e s t  o c c u p ie d  l e v e l .
H a r r i s  and J o n e s  d e t e r m i n e d  t h e  i n t e r c o n f i g u r a t i o n  e n e rg y  (sd  
t r a n s f e r  e n e r g y )
AE = ET{3dn_1 4 s 1 ) -  E (3dn~2 4 s Z) ( V . l )
Using t h e  LSD a p p r o x i m a t io n  a c c o r d i n g  t o  t h e  c a l c u l a t i o n  i t  was 
found t h a t  3dn_1 4 s 1 c o n f i g u r a t i o n  f o r  Fe ,  Co and Ni had t h e  low er  
ene rgy  c o n t r a r y  t o  t h e  3dn_2 4 s 2 c o n f i g u r a t i o n  g iv en  by e x p e r i m e n t .
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Moruzzi Janak  and W il l i am s  de te rm in e d  t h e  e l e c t r o n i c  s t r u c t u r e  of  
t h e  t r a n s i t i o n  metal  atoms in  t h e  LSO a p p r o x i m a t i o n .  They i n t e g r a t e d  
t h e  r a d i a l  S c h r o d i n g e r  e q u a t i o n  n u m e r i c a l l y  both ou tward  from t h e  
n u c l e u s  and inward from a l a r g e  r a d i u s ,  m atch in g  v a lu e  and s l o p e  a t  
t h e  c l a s s i c a l  t u r n i n g  p o i n t .
They o b s e rv e d  t h a t  t h e  3d l e v e l s  drop below t h e  4s  l e v e l s  t o o  
e a r l y  in  t h e  t r a n s i t i o n  metal  s e r i e s .  As a consequence  t h e  ground 
s t a t e s  f o r  I r o n ,  C o b a l t ,  and Nickel  i n  LSI) a p p ro x i m a t io n  were obse rved  
t o  have c o n f i g u r a t i o n s  d i f f e r e n t  from e x p e r i m e n t a l l y  d e t e r m i n e d  o n e s .
I t  was n e c e s s a r y  f o r  them t o  i n t r o d u c e  n o n i n t e g r a l  c o n f i g u r a t i o n s  
( 3 d * ) 5 ( 3 d | ) 1,4U4 ( 4 s * ) 1 ( 4 s + ) ’ 596 f o r  Fe-atom and (3 d + ) 5 ( 3 d * ) 2 *897 
( 4 s * ) 1 ( 4 s + ) ° - 103 f o r  Co-atom.
They f u r t h e r  o b s e rv e d  t h a t  any c o n f i g u r a t i o n  w i th  i n t e g r a l  
o c c u p a t i o n s  f o r  t h e s e  atoms r e s u l t e d  i n t o  unoccup ied  l e v e l s  ly in g  
lower  in  e n e rg y  t h a n  t h e  h i g h e s t  o c c u p ie d  l e v e l .  The n o n i n t e g r a l  
o c c u p a t i o n  numbers were chosen t o  produce  s e l f - c o n s i s t e n t  p o t e n t i a l  
which makes t h e  3d+ and 4s+ l e v e l s  d e g e n e r a t e ,  so t h a t  bo th  can be 
p a r t i a l l y  o c c up ie d  w i t h o u t  v i o l a t i n g  F e r m i -D i r a c  s t a t i s t i c s .  The 
above d i s c r e p a n c i e s  between t h e  c a l c u l a t e d  and measured c o n f i g u r a t i o n s  
a r e  f o r  t h e  most  p a r t  blamed on t h e  l o c a l  n a t u r e  o f  t h e  p o t e n t i a l .
The r e s u l t s  of  ou r  c a l c u l a t i o n s  on Fe ,  Co, and Ni a toms a r e  
p r e s e n t e d  in  t h e  t a b l e s  d e s c r i b e d  below.
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A. Iron Atom
T a b le  XXV g i v e s  t h e  t o t a l  e n e rg y  and e i g e n v a l u e s  f o r  t h e  I ro n  
a tom. The {62111111 /5112 /32)  c o n t r a c t e d  b a s i s  s e t  o f  r e f .  52 was 
u s e d .  F i g .  7 g i v e s  t h e  e n e ry y  l e v e l  d iag ram  f o r  t h e  v a l e n c e  e l e c t r o n s
o f  t h e  Fe -atom o b t a i n e d  in  d i f f e r e n t  c a l c u l a t i o n s .
From t h i s  t a b l e  i t  i s  c l e a r  t h a t  t h e  c o n f i g u r a t i o n  we o b t a i n  i s  
5 1 1 13d+ 4s + 4s ^ 3 d + . Th i s  c o n f i g u r a t i o n ,  c o n t r a r y  t o  p r e v i o u s  w orks ,  i s  
in  a c c o r d a n c e  w i t h  e x p e r i m e n t .  The 3 d t  l e v e l s  a r e  p u l l e d  below t h e  
4 s - l e v e l s ,  w he re as  t h e  3 d + - l e v e l s  a r e  pushed above t h e  4s  l e v e l s .
The 3d+ l e v e l s  a r e  o n ly  p a r t i a l l y  o c c u p ie d  and has  t h e  h i g h e s t  e n e ry y  
among t h e  f o u r  v a l e n c e  l e v e l s  and so t h i s  does no t  v i o l a t e  FD 
s t a t i s t i c s .
To i n v e s t i g a t e  t h e  e f f e c t  o f  d i f f e r e n t  b a s i s  s e t s  we r e p e a t e d  t h e  
c a l c u l a t i o n  w i th  two o t h e r  s e t s  o f  b a s i s  f u n c t i o n s .  The r e s u l t s  of  
t h e s e  c a l c u l a t i o n s  a r e  g iv e n  in  T a b l e s  XXVI and XXVII. We can se e  
from t h e s e  t a b l e s  t h a t  t h e  e f f e c t  o f  d i f f e r e n t  b a s i s  s e t s  a r e  
r e f l e c t e d  in  t h e  t o t a l  e n e rg y  and t h e  e i g e n v a l u e s ,  as  e x p e c t e d  on 
v a r i a t i o n a l  g r o u n d s ,  b u t  t h e  c o n f i g u r a t i o n  ( 3 d 6 4s* 4s*  3d*) remains
T T r  r
unchanged  and i s  t h e  same a s  t h a t  g iv e n  by e x p e r i m e n t  (3d6 4 s ^ ) .  T h i s  
e s t a b l i s h e s  t h e  a b s e n c e  o f  any f o r t u i t o u s  b a s i s  s e t  e f f e c t  i n  t h e  
o b t a i n e d  c o r r e c t  ground s t a t e  c o n f i g u r a t i o n  u s in g  a LSD p o t e n t i a l .
F i n a l l y  we have r e p e a t e d  t h e  c a l c u l a t i o n  w i th  t h e  b a s i s  s e t  
s p e c i f i e d  in  T a b le  XXV w i th  t h r e e  d i f f e r e n t  e x c h a n g e - c o r r e l a t i o n  
p o t e n t i a l ,
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TABLE XXV
Ground S t a t e  P r o p e r t i e s  o f  IRON Atom ( q u i n t e t )  
B a s i s  u sed ;  62111111/5112/32  o f  Ref .  52 
Unit  of  e n e rg y :  H a r t r e e
T o ta l  ene rgy  (This  work):  -1261 .41743
Tota l  ene rgy  (HF): -1262.3462U
To ta l  ene ryy  (MJW): -1261 .1 8450
O r b i t a l
Energy 
Up Spin O r b i t a l
Energy 
Down Spin
I s -254 .10840 Is -2 54 .10820
2s -29.4597U 2s -29 .38668
2P(3) -25 .45803 3P(3) -25 .40267
3s -3 .32409 3s -3 .17456
3P(3) -2 .1 5 4 7 0 3P(3) - 2 .0 0 8 3 2
3d (5) - 0 .26529 4s -0 .18765
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CHF) (GS) (T h i s  work)
S p in
r e s t r i c t e d
Sp in  Sp in  
r e s t r i c t e d  u n r e s t r i c t e d
S p in
u n r e s t r i c t e d
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TABLE XXVI
Ground S t a t e  P r o p e r t i e s  o f  IRON Atom ( q u i n t e t )  
B a s i s  used:  5111111111/4212/311 o f  Ref .  52
Uni t  of  e n e rg y :  H a r t r e e
T o ta l  ene rgy  (This  work) :  -1261 .46407
Tota l  ene rgy  (HF): -1262 .387305
Tota l  ene rgy  (MJW): -1261 .1 8450
O r b i t a l
Energy 
Up Spin O r b i t a l
Energy 
Down Spin
I s -254 .16107 I s -254 .16061
2s -29 .54186 2s -29 .46857
2P(3) -25 .5 2387 2P(3) -25 .4 6817
3s - 3 .37482 3s -3 .22739
3P (3) - 2 .1 9 9 5 0 3P(3) - 2 .0 5 4 5 6
3d (5) -0 .30677 4s -0 .19072
4s - 0 .2 1 6 0 6 3d (5) -0 .17701
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TABLE XXVII
Ground S t a t e  P r o p e r t i e s  of  IRON Atom ( q u i n t e t )  
B a s i s  used:  5333/5316 o f  Ref .  48
Uni t  o f  e n e rg y :  H a r t r e e
To ta l  ene rgy  (This  work):  -1261 .1 4576
To ta l  ene rgy  (HF): -1262 .0029
T o ta l  e n e rg y  (MJW): -12 6 1 .1 8 4 6 0
O r b i t a l
Energy 
Up Spin O r b i t a l
Eneryy 
Down Spin
I s -254 .00141 I s -254 .00021
2s -29 .51043 2s -29 .44013
2P(3) - 2 5 .50584 3P(3) -2 5 .4 5 1 9 4
3s - 3 .36936 3s - 3 .22148
3P(3) - 2 .19889 3P(3) - 2 .0 6 4 0 7
3d (5) - 0 .3 0 7 2 6 4s - 0 .1 9 8 3 0









• F i g u re  8 .  E n e r g y - l e v e l  d iag ra m  o f  Fe atom g iv e n  by 
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( i )  VBH (RPA s c a l i n g )  as  used in  r e f .  1 .
( i i )  Xa p o t e n t i a l  w i t h  a  = 2 / 3  ( D i r a c ' s  e x c h a n g e ) .
( i i i )  Xa p o t e n t i a l  w i th  a = 1 ( S l a t e r ' s  e x c h a n g e ) .
The r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  summarized in  f i g u r e  8 .
From t h e  f i g u r e  i t  can be s e en  t h a t  f o r  t h e  Fe atom t h e  s t r u c t u r e  
5 1 1 13d + 4s + 4 s + 3d + i s  i n v a r i a n t  f o r  t h e  d i f f e r e n t  forms o f  t h e  e x c h a n g e -  
c o r r e l a t i o n  p o t e n t i a l  o f  t h e  LD f u n c t i o n a l  t h e o r y .  With S l a t e r ' s  
exchange  p o t e n t i a l  t h e  o r d e r i n g  o f  t h e  l e v e l s  a r e  d i f f e r e n t .  T h i s  i s  
e x p e c t e d  as  t h e  e i g e n v a l u e s  do n o t  have t h e  same meaning in  t h e  HF and 
t h e  LD t h e o r i e s .
In c o n c l u s i o n  we can say  t h a t  t h e  d i f f e r e n c e s  be tw een  t h e  p r e s e n t  
r e s u l t s  and t h o s e  o f  o t h e r s l > ^ , 1 4  must  be a t t r i b u t e d  t o  t h e  
improvements  i n t r o d u c e d  h e re  in  t h e  n u m e r i c a l  a c c u r a c y  w i th  which 
m a t r i x  e l e m e n t s  a r e  e v a l u a t e d .
B. C o b a l t  Atom
T a b l e s  XXVIII and XXIX g i v e  t h e  t o t a l  e n e r g y  and e i g e n v a l u e s  f o r  
t h e  C o b a l t  atom u s i n g  two d i f f e r e n t  b a s i s  s e t s .  I t  can be seen  t h a t  
i n  bo th  c a s e s  we o b t a i n  t h e  ground s t a t e  c o n f i g u r a t i o n  f o r  Co atom t o
C l l O
be ( 3 d + 4s  + 4 s + 3d+ ) .  Th is  i s  t h e  e x p e r i m e n t a l  c o n f i g u r a t i o n  
(3d^ 4 s 2 ) .
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TABLE XXVIII
Ground S t a t e  P r o p e r t i e s  o f  COBALT Atom ( q u a r t e t ) ,  3d^ 4s* 4s* 3d^ 
B a s i s  u sed :  6111111111 /5112/32  of  R e f .  52
U ni t  o f  e n e ry y :  H a r t r e e
To ta l  ene rgy  (Th is  work) :  -1380 .3471
T o ta l  ene rgy  (HF): -1381 .2895
Tota l  ene rgy  (MJW): -1380 .1440
O r b i t a l
Energy 
Up Spin O r b i t a l
Energy 
Down Spin
I s -275 .49494 Is -275 .49457
2s -32 .26733 2s -3 2 .2 0 7 9 0
2p(3) - 2 8 .05422 2p(3) -28 .00927
3s -3 .59467 3s - 3 .4 8 0 6 0
3p(3) -2 .33531 3p(3) - 2 .2 2 3 5 3
3d (5) -0 .2 7 4 2 8 4s -0 .1 9 6 9 5
4s -U.214U2 3d(5 ) - 0 .1 7 1 7 1
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TABLE XXIX
Ground S t a t e  P r o p e r t i e s  o f  COBALT Atom ( q u a r t e t ) ,  3d^ 4s* 4s* 3d^ 
B a s i s  u s e d :  1111111111/411111/311  o f  R e f .  52 .
U n i t  o f  e n e r g y :  H a r t r e e
T o ta l  e n e rg y  (This  w o rk ) :  - 1 3 8 0 .4 5 3 4
T o t a l  e ne rgy  (MJW): - 1 3 8 0 .1 4 4 0
O r b i t a l
Energy 
Up Spin O r b i t a l
Energy 
Down Sp in
Is - 2 7 5 .5 5 3 8 6 Is -2 7 5 .5 5 3 2 1
2s - 3 2 .3 5 9 6 5 2s - 3 2 .2 9 9 4 2
2p{3) - 2 8 .1 2 6 9 8 2 p (3 ) - 2 8 .0 8 1 2 1
3s - 3 .6 6 2 9 4 3s - 3 .5 4 8 2 7
3p(3 ) - 2 .3 9 9 6 7 3p{3) - 2 . 2 8 7 6 6
3d (5) - 0 .3 2 8 8 5 4s - 0 .2 2 8 1 0
4s - 0 .2 1 8 8 4 3d (5 ) - 0 .2 0 1 1 5
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C. Nicke l  Atom
Table XXX g iv e s  t h e  t o t a l  energy  and e i g e n v a l u e s  f o r  Ni atom
u s in g  ( 6 1 11111111 /41112 /311 )  b a s i s  s e t  o f  r e f .  5 2 .  The c a l c u l a t i o n
was pe r fo rm e d  w i th  two e l e c t r o n s  i n  4s  l e v e l s .  I t  can be s e en  t h a t
5 1 3  1t h e  s t r u c t u r e  o b t a i n e d  in  t h i s  c a s e  i s  3d^ 4 s ^  3d + 4 s * ,  t h e  p a r t i a l l y
o c c u p ie d  3d+ l e v e l s  a r e  below t h e  o c c u p i e d  4s+  l e v e l .  T h i s  i s
p h y s i c a l l y  i n c o r r e c t .
Keeping t h e  same b a s i s  f u n c t i o n  a s o l u t i o n  w i th  t h e  c o n f i g u r a t i o n  
5 1 43d+ 4s* 3d^ c o u ld  no t  be o b t a i n e d .  The sys tem  c o n v e r g e s  t o  a 
p h y s i c a l l y  a c c e p t a b l e  s o l u t i o n  w i t h  c o n f i g u r a t i o n
4s* 4s*^  3d^*4 . T a b l e  (XXXI) g i v e s  t h e  e i g e n v a l u e s  i n  t h e  
c o n f i g u r a t i o n .
T a b le s  XXXII and XXXIII g i v e s  t h e  t o t a l  e n e rg y  and e i g e n v a l u e s  of  
t h e  Ni -atom w i th  two o t h e r  b a s i s  s e t s .  I t  can be s e en  t h a t  t h e  fo rm e r
( in  T a b le  XXXII) g i v e s  3d^ 4 s J  3d^ and t h e  l a t t e r  3d^ 4 s ^  4s* 3d^
c o n f i g u r a t i o n s .
I t  must  be remembered t h a t  f o r  a g iv en  b a s i s  s e t  we g e t  o n l y  one 
p h y s i c a l l y  m ea n in g fu l  s o l u t i o n  w i t h  d e f i n i t e  c o n f i g u r a t i o n .  B e a r in g  
in  mind t h a t  t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  sd t r a n s f e r  e n e rg y  i s  
p r a c t i c a l l y  z e r o  f o r  Nicke l  a tom, we can u n d e r s t a n d  t h i s  r e s u l t s  
w i t h o u t  i n v o k in g  a d e f i c i e n c y  o f  l o c a l  d e n s i t y  a p p r o x i m a t i o n .  The 
wave f u n c t i o n s  employed in  a l l  t h e s e  c a l c u l a t i o n s  a r e  t h e  o p t i m i z e d  
f u n c t i o n s  f o r  HF a to m s .  The HF method i s  known t o  f a v o r  t h e  3d
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TABLE XXX
Ground S t a t e  P r o p e r t i e s  o f  NICKEL Atom ( t r i p l e t ) ,  3d^ 4s* 3d^ 4s  j  
B a s i s  u s e d :  5111111111 /41112 /3 11  o f  K ef .  52 .
U n i t  o f  e n e r g y :  H a r t r e e
T o t a l  e n e rg y  (Th is  w o r k ) :  -1 5 0 5 .8 6 5 6
T o t a l  e n e rg y  (HF): - 1 5 0 6 .7 2 0 6
T o ta l  e n e rg y  (MJW): - 1 5 0 5 .6 1 7
O r b i t a l
Energy 
Up Spin O r b i t a l
Energy 
Down Spin
I s - 2 9 7 .8 0 5 5 4 I s -2 9 7 .8 0 5 0 7
2s -3 5 .2 8 2 3 7 2s - 3 5 .2 3 9 1 8
2 p ( 3 ) 30 .83702 2p (3) - 3 0 .8 0 4 2 9
3s 3 .94240 3s - 3 .8 6 4 4 2
3 p ( 3 ) - 2 .5 8 6 6 3 3p (3 ) - 2 . 5 1 0 2 8
3d (5 ) - 0 .3 3 7 5 8 3d (5) - . 2 6 8 6 4
4s - 0 .2 2 1 5 8 4s - 0 .2 1 0 2 4
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TABLE XXXI
Ground S t a t e  P r o p e r t i e s  of  NICKEL Atom ( t r i p l e t ) ,  3d® 4s* 4s*® 3 d ^  
B a s i s  u se d :  5111111111/41112/311 o f  R e f .  52.
Uni t  o f  ene rgy :  H a r t r e e
Tota l  ene rgy  (T h is  work) :  -1505 .8986
T o ta l  e ne rgy  (HF): - 1 5 06 .7206
To ta l  ene rgy  (MJW): -1505 .617
O r b i t a l
Energy 
Up Spin O r b i t a l
Energy 
Uown Spin
I s -297 .71126 I s -297 .71042
2s -3 5 .1 5 4 9 0 2s -3 5 .1 2 1 1 8
2p (3 ) - 3 0 .71088 2p(3) -3 0 .6 8 5 2 4
3s - 3 .82717 3s - 3 .76554
3p{3) -2 .47351 3p{3) -2 .4 1 2 9 6
3d (5 ) - 0 .2 3 6 7 6 4s -0 .18211
4s -0 .20106 3d (5) -0.18U99
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TABLE XXXII
Ground S t a t e  P r o p e r t i e s  o f  NICKEL Atom ( t r i p l e t } ;  3d^ 4 s J  3d^ 
B a s i s  u s e d :  621111111 /5112 /411  of  R e f .  52
Uni t  o f  e n e rg y :  H a r t r e e
T o ta l  e ne rgy  (Th is  w ork ) :  -1 5 0 5 .9 4 9 1
T o t a l  e n e rg y  (HF): - 1 5 0 6 .8 2 1 9
T o t a l  e n e rg y  (MJW): - 1 5 0 5 .6 1 7 0
O r b i t a l
Energy 
Up Sp in O r b i t a l
Energy  
Down Spin
I s -2 9 7 .7 1 2 4 4 Is -297 .71101
2s - 3 5 .1 5 9 5 3 2s - 3 5 .1 4 0 3 2
2 p ( 3 ) -3 0 .7 2 0 4 9 2 p ( 3 ) -30 .7U572
3s - 3 .7 9 0 3 9 3s - 3 .7 5 3 5 5
3 p ( 3 ) -2 .4 3 7 7 9 3 p ( 3 ) - 2 .4 0 1 2 5
3d (5) - 0 .2 1 3 9 7 3d (5) - . 1 7 7 2 1
4S - 0 .1 9 7 8 1 4s -0 .1 6 3 8 2
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TABLE XXXIII
Ground S t a t e  P r o p e r t i e s  of  NICKEL Atom ( t r i p l e t ) ,  3d^ 4 s * 4s^  3d^ 
B a s i s  u sed :  1111111111/41112/3*  2 1 o f  Kef .  52.
U n i t  o f  e ne rgy :  H a r t r e e
To ta l  ene rgy  (This  w ork) :  -15U5.3943
T o t a l  ene rgy  (MJW): - 1 5 05 .6170
O r b i t a l
Energy 
Up Spin O r b i t a l
Energy 
Down Spin
I s -297 .90171 I s - 2 9 7 .90136
2s -35.36U81 2s -35 .31474
2p(3) -30 .91912 2p{3) - 3 0 .89188
3s -3 .85802 3s -3 .7 7 7 6 9
3p(3) -2 .5 0 9 6 3 3p(3 ) - 2 .43112
3d (6) -0 .21372 4s -0.2U208
4s - 0 .21204 3d (5) -0 .14191
*The e xponen ts  of  t h e  t h r e e  d f u n c t i o n s  a r e  reduced  by lUfc from t h e  
o r i g i n a l  v a l u e s .
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occupancy ov e r  t h a t  o f  4 s .  We b e l i e v e  t h a t  t h i s  e f f e c t  i s  m a n i f e s t e d  
in  our  r e s u l t s .  I t  a p p e a r s  t h a t  f o r  n i c k e l  atom 3d® 4s* c o n f i y u r a t i o n  
i s  f a v o r e d  ov e r  3d® 4s^  c o n f i g u r a t i o n  f o r  t h e  b a s i s  f u n c t i o n s  used .
The f a c t  t h a t  t h e  sd t r a n s f e r  e ne rgy  i s  ve ry  small  i s  b e l i e v e d  t o  be 
t h e  r ea son  why t h e  s e l f - c o n s i s t e n t  l o c a l - d e n s i t y  c a l c u l a t i o n s  do not  
remove t h e  p r e f e r e n c e  f o r  d -occupancy  i m p l i c i t l y  p r e s e n t  in t h e  b a s i s  
s e t .  In f a c t  t h e  z e r o  sd t r a n s f e r  e n e rg y  makes 3d9 4 s 1 , 3d® 4 s ^ ,  and 
t o  some e x t e n t  t h e  f r a c t i o n a l l y  occup ied  c o n f i g u r a t i o n s  (3d®‘^ 4 s 1 , 6 ) 
p r a c t i c a l l y  e q u i v a l e n t .
I o n i z a t i o n  P o t e n t i a l  f o r  I ro n  Atom
In Tab le  XXXII we p r e s e n t  our  r e s u l t s  f o r  c a l c u l a t e d  i o n i z a t i o n  
e n e r g i e s  f o r  t h e  I ro n  atom. The f i r s t  column of  t h e  t a b l e  g i v e s  t h e  
e l e c t r o n i c  c o n f i g u r a t i o n  o f  t h e  sys tem t o  be i o n i z e d .  The second 
column g iv e s  t h e  l e v e l  from which t h e  e l e c t r o n  i s  removed.  The 3rd 
column g i v e s  t h e  ene ryy  r e q u i r e d  t o  remove t h e  e l e c t r o n .  The 
i n t e r e s t i n g  p o i n t  o b s e rv e d  i s  t h a t  though t h e  3d+ l e v e l  l i e s  above t h e  
4 s i  l e v e l  i n  n e u t r a l  Fe atom, d u r in g  t h e  i o n i z a t i o n  p r o c e s s  t h e  
e l e c t r o n  in  t h e  4s+ l e v e l  i s  e a s i e r  t o  remove.
The o r b i t a l s  a r e  a r r a n g e d  in  d e c r e a s i n g  o r d e r  o f  e ne ryy  as 
3 d i ,  4 s t ,  4s+ ,  3d+. The i o n i z a t i o n  e n e r g i e s  f o r  e l e c t r o n  in  t h e s e  
l e v e l s  do no t  f o l l o w  t h e  same o r d e r i n y .  The i o n i z a t i o n  e n e ry y  o f  t h e  
l e v e l s  a r e  a r r a n g e d  in  d e c r e a s i n g  o r d e r  as  3 d t ,  3d+ ,  4 s + ,  4 s + ,  t h i s  i s
TABLE XXXIV 
I o n i z a t i o n  P o t e n t i a l s  o f  Fe Atom
I n i t i a l  ground s t a t e  
c o n f i g u r a t i o n
E le c t r o n  removed 
from o r b i t a l
I o n i z a t i o n
Eneryy
(eV)
F in a l  
C o n f i g u r a t i o n  
o f  t h e  ion
—  —  M|
E x p er im en ta l  
I o n i z a t i o n  C o n f i g u r a t i o n  
en e rg y  (eV) of  t h e  1on
F° (3d} 4s}  4 s}  3d}) 3d* 11 .66 Fe 4st 3di>
Fo ‘3d* 4si 4si 3dl> 4s* 8 .2 3 F* (3d} 4s}  3d}) 7 .07  (3d6 4 s 1 )
Fo ' 3^  4sl 4sl 3di> 4 s f 9 .1 4 Fe <3d? M *>
F° (3d} 4s}  4 s}  3d}) 3d* 15 .59 Fe <3d? 4si m5>
F* (3d} 4s}  3d}) 3d* 21 .014 Fg+ O d }  4 s } )
Fg (3d} 4s}  3d}) 4 s t 17 .064 Fe + (3d* 3d!> 1 6 .19  (3d6 )
Fe  <3d} 4 s } 3 d }> 3d* 2 5 .35 Fg+ (3d} 3d})
Fg+ (3d} 3d}) 3d* 2 9 . 3U 3 0 .6 5  (3d6 )
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t h e  o r d e r  in which t h e  HF e i g e n v a l u e s  a r e  a r r a n g e d  f o r  t h e  n e u t r a l  
a tom.
I t  i s  c l e a r  t h a t  t h e  e a s i e s t  way t o  o b t a i n  Fe+ ion  i s  t o  remove 
t h e  4s+ e l e c t r o n .  S i m i l a r l y ,  from t h e  t a b l e ,  i t  can be seen  t h a t  Fe++ 
ion i s  p roduced  e a s i l y  by removing t h e  4s e l e c t r o n s ,  and t h e  Fe+++ ion  
i s  o b t a i n e d  by t h e  removal o f  t h e  4s  e l e c t r o n s  and t h e  3d+ e l e c t r o n .
CHAPTER VI 
Conclusion
We have c a l c u l a t e d  t h e  ground s t a t e  p r o p e r t i e s  o f  t h e  m o le c u le s  
LiH,  CO, NO, Bjj, N2 , Og, and F2  u s i n g  l o c a l  d e n s i t y  f u n c t i o n a l  
t h e o r y .  The r e s u l t s  a r e  i n  good ag re e m e n t  w i th  e x p e r i m e n t .  In 
p a r t i c u l a r  t h e  " o v e r b i n d i n g "  o b s e r v e d  by o t h e r s  i n  s i m i l a r  
c a l c u l a t i o n s  i s  no t  p r e s e n t .
I t  i s  d i f f i c u l t  t o  be q u a n t i t a t i v e l y  p r e c i s e  c o n c e r n i n g  t h e  
num er ica l  a c c u r a c y  o f  t h e  p r e s e n t  r e s u l t s  as  g iven  in  t h e  t a b l e s .
Only a few a u t h o r s  have g iven  s p e c i f i c  t o t a l  e n e r g i e s  as  c a l c u l a t e d  in  
t h e  LSD a p p r o x i m a t i o n .  We have chosen  t o  do so i n  t h e  hope o f  
a s s i s t i n g  o t h e r s  in  t h e  e v a l u a t i o n  o f  ou r  r e s u l t s .  I t  i s  ou r  b e l i e f  
in  r e s p e c t  t o  t h e  i n t e r n a l  m echan ic s  of  t h e  c a l c u l a t i o n  ( i n c l u d i n g  
such  f a c t o r s  a s  a c c u r a c y  of  m a t r i x  d i a g o n a l i z a t i o n ,  word l e n g t h ,  e t c . )  
t h a t  t h e  q u o te d  t o t a l  e n e r g i e s  a r e  a c c u r a t e  t o  t h e  number o f  f i g u r e s  
s t a t e d .  More u n c e r t a i n  a r e  two o t h e r  e f f e c t s :  b a s i s  s e t  s i z e ,  and
a c c u r a c y  o f  n u m e r i c a l  i n t e g r a t i o n  on t h e  g r i d  d i s c u s s e d  in  t h e  
Appendix A. (The Appendix a l s o  c o n t a i n s  a d i s c u s s i o n  o f  t h e  a c c u r a c y  
o f  t h e  i n t e g r a t i o n . )  The t o t a l  e n e r g i e s  o f  t h e  i s o l a t e d  atoms a r e  
o b t a i n e d  u s i n g  a s e p a r a t e  program i n  which on ly  a one d im e n s io n a l  
( r a d i a l )  i n t e g r a t i o n  has  t o  be d o n e .  As t h e  b a s i s  s e t s  used a r e  
f a i r l y  l a r g e ,  we t h i n k  we a r e  c l o s e  t o  c o n v e rg e n c e  ( p o s s i b l y  w i t h i n  
0 .001  a . u . )  f o r  t h e  p a r t i c u l a r  exchange  c o r r e l a t i o n  p o t e n t i a l
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employed ,  in  t h e  c a s e  o f  t h e  m o l e c u l e s ,  we p r e f e r  n o t  t o  make a 
s p e c i f i c  e s t i m a t e ,  bu t  o f f e r  t h e  f o l l o w i n g  o b s e r v a t i o n s :  Our qu o ted
t o t a l  e n e rg y  a t  e q u i l i b r i u m  i s  0 .1 5  a . u .  below t h e  6-21G v a l u e  f o r  CO
and 0 .1 7  a . u .  below f o r  NO. In t h e  c a se  o f  NO we r e p e a t e d  t h e
c a l c u l a t i o n s  w i t h  two d t y p e  p o l a r i z a t i o n  f u n c t i o n s  f o r  an a to m ic  
s p a c i n g  of  2 . 1 8  a . u .  and found  a d e c r e a s e  i n  t o t a l  e n e rg y  o f  on ly
0 .00089  a . u .  ( 0 . 0 2 3  e V ) .  T h e r e f o r e ,  we b e l i e v e  ou r  r e s u l t s  a r e  c l o s e  
t o  c o n v e rg e n c e  and t h a t  ou r  c o n c l u s i o n  c o n c e r n i n g  a b s e n c e  o f  
o v e r b i n d i n y  would n o t  be changed by a d d i t i o n  o f  more p o l a r i z a t i o n  
f u n c t i o n s .
The s u p e r i o r i t y  o f  t h e  p r e s e n t  r e s u l t s  w i t h  r e s p e c t  t o  HF i s
p a r t i c u l a r l y  e v i d e n t  i n  r e y a r d  t o  t h e  c a l c u l a t e d  b i n d i n g  e n e r g i e s ,  f o r
which t h e  HF v a l u e s  a r e  u n i f o r m l y  t o o  s m a l l .  However ,  our  a to m ic  and 
m o l e c u l a r  t o t a l  e n e r g i e s  a r e  no t  low er  t h a n  HF.
We have a l s o  d e t e r m i n e d  t h e  ground s t a t e  e l e c t r o n i c  c o n f i g u r a t i o n  
f o r  t h e  t r a n s i t i o n  meta l  atoms ( F e ,  Co, and Ni) i n  t h e  LSD 
a p p r o x i m a t i o n .  For  t h e  i r o n  and c o b a l t  atoms t h e r e  i s  no d i s c r e p a n c y  
be tween  our  f i n d i n g s  and t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  
c o n f i g u r a t i o n s .  However ,  f o r  t h e  Ni-atom  s l i g h t  u n c e r t a i n t y  s t i l l  
e x i s t s .  More work i s  n e c e s s a r y  on t h i s  a tom .  I t  w i l l  be i n t e r e s t i n g  
t o  e x t e n d  t h i s  work t o  t h e  d im e r s  o f  t r a n s i t i o n  m e ta l  atoms f o r  which 
ve ry  l i t t l e  i n f o r m a t i o n  i s  a v a i l a b l e .
The b a s i c  s i m p l i f i c a t i o n s  and a p p r o x i m a t i o n s  o f  Local D e n s i ty  
F u n c t i o n a l  t h e o r y  i n  t h e  l o c a l  a p p r o x i m a t i o n  i n v o l v e  t h e  r e p l a c e m e n t  
o f  t h e  many-body H a m i l t o n i a n  by an e f f e c t i v e  s i n y l e - p a r t i c l e
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H a m i l t o n i a n .  The HF p l u s  c o n f i g u r a t i o n  i n t e r a c t i o n  (C l )  a pp roa c h  o f  
c o n v e n t i o n a l  t h e o r y  i s  removed,  and an exchanye  c o r r e l a t i o n  p o t e n t i a l  
t a k e n  from a c c u r a t e  many body c a l c u l a t i o n s  f o r  t h e  homogeneous 
i n t e r a c t i n g  e l e c t r o n  gas  i s  i n t r o d u c e d  in  t h e  s i n g l e  p a r t i c l e  
e q u a t i o n .  Th i s  work shows t h a t  i n  s p i t e  o f  t h e  s i m p l i f i c a t i o n s  made, 
t h e  LSD a p p r o x i m a t i o n  i f  implemented  w i th  p r o p e r  c a r e  y i v e s  r e m a rk a b ly  
a c c u r a t e  r e s u l t s  f o r  t h e  s p e c t r o s c o p i c  p r o p e r t i e s  o f  t h e  g round  s t a t e  
o f  smal l  d i a t o m i c  m o l e c u l e s  and t r a n s i t i o n  m eta l  a to m s .
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APPENDIX A 
Approximate Doubling Grid
T h i s  two d im e n s io n a l  d o u b l in g  y r i d  i s  i n t e n d e d  f o r  sys tem s  w i th  
c y l i n d r i c a l  symmetry.  The z - a x i s  i s  t a k e n  in  t h e  d i r e c t i o n  o f  t h e  
i n t e r n u c l e a r  a x i s  and t h e  r  c o o r d i n a t e  i s  p e r p e n d i c u l a r  t o  z .  The r - z  
p l a n e  i s  c ove re d  w i th  e l e m e n t a r y  s q u a r e s .  The s i z e  o f  t h e  e l e m e n t a ry  
s q u a r e s  i s  small  n e a r  t h e  a tom ic  c e n t e r s .  The e l e m e n t a r y  s q u a re  s i z e  
i s  i n c r e a s e d  as  d i s t a n c e s  from t h e  a tom ic  c e n t e r e s  a r e  i n c r e a s e d  by 
f a c t o r s  o f  a p p r o x i m a t e l y  2 .  The b a s i c  p a ra m e t e r s  s p e c i f y i n g  t h e  g r i d  
a r e  t h e  s i z e  o f  t h e  s m a l l e s t  i n t e r v a l :  t h e  number o f  d o u b l in g s  and
t h e  number of  i n t e r v a l s  between d o u b l i n g s .  As d i s c u s s e d  in  r e f .  2 ,  a t  
one i n t e r v a l  t h e  i n c r e a s e  in  s q u a re  d im ens ion  i s  no t  a f a c t o r  of  
two .  This  i s  n e c e s s a r y  t o  avo id  t h e  o c c u r r e n c e  of  i r r e g u l a r l y  shaped 
r e g i o n s .
The sample p o i n t s  f o r  i n t e g r a t i o n  a r e  chosen t o  be t h e  c e n t e r s  of  
s q u a r e s  and t h e  a r e a  of  t h e  s q u a re  i s  t a k e n  as  t h e  w e ig h t  f a c t o r  f o r  
t h a t  p o i n t .
For f u n c t i o n s  o f  c y l i n d r i c a l  symmetry we have 
/  f ( ? )  d 3r  -  2te Ek f { r k , z k ) r kAk 
where Ak i s  t h e  a r e a  o f  t h e  s q u a re  whose c e n t e r  i s  ( r k , z k ) .
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The a d v a n ta g e  o f  t h i s  g r i d  i s  i t s  s i m p l i c i t y  a s  f a r  a s  
c o n s t r u c t i o n  i s  c o n c e r n e d  and t h e  h igh  a c c u r a c y  o f  r e s u l t s  o b t a i n e d .
A s k e t c h  o f  t h e  g r i d  as  a p p l i e d  t o  a d i a t o m i c  m o le c u le  i s  shown i n  
F i g .  12.
For  a l l  t h e  s y s te m s  s t u d i e d  we have used 10 ~  12 b a s i c . d o u b l i n g s  
w i t h  two s u b d i v i s i o n s  i n  each  d o u b l i n g  i n  h a l f  o f  t h e  r e g i o n  be tween  
t h e  two n u c l e i .  The l a r g e s t  s q u a r e  i n  t h i s  r e g i o n  i s  t h e n  t a k e n  as  
t h e  u n i t  f o r  e x p a n s i o n ,  up t o  4 t i m e s  t h e  i n t e r n u c l e a r  d i s t a n c e  from 
each  atom. T h i s  i n v o l v e s  a t o t a l  o f  14 ~  2000 p o i n t s  w i t h  minimum 
l e n g t h  ( s i d e  o f  a s q u a r e )  ~  .00U7 a . u .  In o r d e r  t o  o b t a i n  t h e  most  
a c c u r a t e  b i n d i n g  e n e r g y  a t  t h e  e q u i l i b r i u m  s e p a r a t i o n ,  we r e p e a t e d  t h e  
c a l c u l a t i o n  u s i n g  t h e  same g r i d  bu t  c a r r i e d  t o  8 t i m e s  t h e  
i n t e r n u c l e a r  d i s t a n c e .
Some t e s t s  o f  t h e  a c c u r a c y  o f  t h i s  t y p e  o f  g r i d  ( i n  a 3 
d i m e n s io n a l  s i t u a t i o n )  a r e  d i s c u s s e d  in  r e f .  2 .  In t h e  p r e s e n t  c a s e ,  
we u se  t h e  v a l u e  of  J  p d r  as  a t e s t  o f  a c c u r a c y - - t h e  v a l u e  d i f f e r s  
f rom t h e  e x a c t  v a l u e  by ab o u t  0 .2%. The mos t  s e r i o u s  q u e s t i o n  
i n v o l v e d  in  t h e  a c t u a l  use of  t h e  g r i d  i s  how f a r  t o  e x t e n d  t h e  
i n t e g r a t i o n .  As t h e  exchange  c o r r e l a t i o n  p o t e n t i a l  i s  r e l a t i v e l y  
s lo w ly  v a r y i n g  a t  l a r g e  d i s t a n c e s ,  t h i s  has  t o  be d e t e r m i n e d  by t h e  
e x p o n e n t s  o f  t h e  G a u s s i a n s .  C a l c u l a t i o n s  w i t h  a g r i d  e x t e n d i n g  o u t  t o  
a b o u t  8 i n t e r n u c l e a r  d i s t a n c e s  gave a t o t a l  e n e rg y  ( f o r  NO) d e e p e r  by 
a b o u t  0 .0 0 5  H a r t r e e s .  In t h e  u se  o f  CU, t h e  c o r r e s p o n d i n g  change  was 
a b o u t  0 .01  H a r t r e e .
106










Functions and Parameters o f the Exchange C orrelation  Potentia l
The f u n c t i o n s  A(p) and B(p) which d e s c r i b e s  t h e  VtSH p o t e n t i a l  and 
t h e  f u n c t i o n s  P ( p ) ,  Q ( p ) ,  and G(p) which e n t e r  t h e  e x p r e s s i o n  f o r  t h e
t o t a l  ene rgy  Eq. ( 3 . 1 7 ) ,  a r e  d e s c r i b e d  in  t e rm s  o f  f o u r  f i t t i n g
P F P Fp a r a m e t e r s  r  , r  , C , and C .
The c o n s t a n t s  e n t e r i n g  t h e  e q u a t i o n s  a r e :
a = 2 - 1/ 3 and y  = .
The f u n c t i o n s  f ( z )  and F(z)  a r e  d e f i n e d  as  f o l l o w s :
f ( z )  M T T ^ - a T  [ z V 3  + (1 " Z ) V 3  ‘  a ]
F (z )  « (1 + Z3 ) l n ( l  + 1) + | -  z2
Denoting  t h e  cha rge  d e n s i t y  and s p in  d e n s i t y  by p and p we can
w r i t e
A(p)  = [pP + vc ] ( a . u . )




The f u n c t i o n s  P ( p ) ,  Q ( p ) ,  and G(p) a r e  g iven  by ,
p ( p )  = \  P* + v c ) ( a . u . )
Q(p)  = ** e Q -  vq )
G ( p ) = y  [ pq -  Pq ~ y  ( e£  -  eq ) ]  ( a . u . )
For VBH p o t e n t i a l  t h e  v a l u e s  of  t h e  f i l l i n g  p a r a m e t e r s  a r e :  r p = 30.  , 
r F = 75 , Cp = 0 . 0 5 0 4 ,  CF = 0 .0 2 5 4 .
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